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FOREWORD 

The research described herein, which was conducted by the AiResearch 
Company of Arizona, a Division of the Garrett Corporation, was performed 
under NASA Contract NAS 3-2778. The work was done under the technical 
management of Mr.  Jack A. Heller, Space Power Systems Division, Lewis 
Research Center, with Mr. George K. Fischer and Mr. Harold E. Rohlik, 
both of the Fluid System Components Division, Lewis Research Center, as 
technical consultants. The report was originally issued as AiResearch 
Report APS- 5200-R. 
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ABSTRACT 

The program described herein consisted of analyses, design, gas bear- 
ing development and fabrication of a radial-flow gas generator (turbocom- 
pressor) for performance evaluation by the NASA. The respective turbine 
and compressor components, identical to those in  the gas generator, were 
delivered in separate research packages utilizing oil-lubricated ball bearings 
for  detail aerodynamic performance investigations. A gas generator was 
delivered that operated satisfactorily on its gas journal and thrust bearings 
at 38,500 rpm design speed at 500' F turbine inlet temperature. 
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DESIGN AND FABRICATION O F  A HIGH-PERFORMANCE 
BRAYTON CYCLE RADIAL-PLOW GAS GENERATOR 

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA 

SUMMARY 

The NASA-Lewis Research Center i s  p resen t ly  engaged i n  an 
i n v e s t i g a t i o n  o f  Brayton-cycle space-power systems t h a t  use s o l a r  
o r  nuc lear  energy a s  the  hea t  source and an  i n e r t  gas as the  work- 
ing f l u i d .  The turbomachinery required f o r  t he  system and component 
i n v e s t i g a t i o n s  w a s  defined by the  NASA f o r  both r a d i a l  and a x i a l -  
f low machinery. Under Contract NAS3-2778, t h ree  p ieces  of  r a d i a l  
turbomachinery were designed and f a b r i c a t e d ,  a s  follows: 

Compressor and Turbine Research Packages - The two compressor and 
tu rb ine  research  packages each include a high-performance s ing le -  
s t age  r a d i a l  wheel and a t tendant  components and a s u i t a b l e  set  of 
running gear  wi th  o i l - l u b r i c a t e d  bear ings .  
a r e  t o  be used t o  eva lua te  component aerodynamic performance. 

Both research  packages 

Gas Generator - This  u n i t  combines the tu rb ine  and compressor of  
t he  two research  packages i n t o  a s i n g l e  hot u n i t ,  wi th  the  running 
gea r  including gas- lubr ica ted  bearings e The gas genera tor  w i l l  be 
used t o  eva lua te  the  Brayton-cycle r a d i a l  turbomachinery i n  a 
ground t e s t  loop 
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This  r epor t  desc r ibes  t h e  s e l e c t i o n  of  t h e  gas gene ra to r  de- 
s i g n  speed and t h e  design,  f a b r i c a t i o n ,  i n spec t ion ,  ins t rumenta t ion ,  
and t e s t i n g  of t h e  gas  gene ra to r  p r i o r  t o  de l ive ry  t o  t h e  NASA. 
Shown below i s  t h e  s p e c i f i e d  design p o i n t  of  t he  t u r b i n e  and com- 
p res so r  as ind iv idua l  components and as included i n  t h e  
turbomachinery gas  genera tor :  

r a d i a l  

Working f l u i d  

Flow r a t e ,  lbs per  sec .  

Turbine i n l e t  temperature,  OR 

Turbine i n l e t  p re s su re ,  p s i a  

Turbine t o t a l  p ressure  r a t i o  

Compressor i n l e t  temperature , OR 

Compressor i n l e t  p ressure ,  p s i a  

Compressure p re s su re  r a t i o  

Turbine 

Argon 

1.184 

520 

13.2 

I. .56 
- 
- 

- 

C omp re  s so  r 

Argon 

0.621 

- 
- 

- 
520 

6.0 

2.30 

Gas 
Generator 

Argon 

0.611 

1950 

13.2 

1-56 
536 
6.0 

2.30 

Two c o l d  research  packages each o f  t h e  tu rb ine  and compressor 
were de l ivered  to  the  NASA f o r  aerodynamic performance i n v e s t i g a t i o n s .  
Two gas gene ra to r s  were f a b r i c a t e d  and a l s o  de l ive red  t o  t h e  NASA; 
one as a complete u n i t  and t h e  second as sepa ra t e  p a r t s .  Successful  
dynamic and mechanical i n t e g r a t i o n  of t h e  t h r u s t  and j o u r n a l  gas  
bear ings wi th  t h e  gas  gene ra to r  was accomplished. P r i o r  t o  shipment 
t o  t h e  NASA, t h e  assembled u n i t  w a s  subjec ted  t o  an  Acceptance T e s t  
which demonstrated s a t i s f a c t o r y  performance on a i r  a t  approximately 
500°F turb ine  l n l e t  temperature.  
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1.0 INTRODUCTION 

The NASA-Lewis Research Center i s  p resen t ly  conducting an 
e v a l u a t i o n  of c losed,  recupera ted  Brayton-cycle space power systems 
t h a t  u se  s o l a r  o r  nuc lear  energy a s  t h e  hea t  source and an  i n e r t  
gas a s  t h e  working f l u i d ,  
turbomachinery w i l l  be eva lua ted .  This c o n t r a c t  (NAS3-2778) c a l l s  
f o r  t h e  des ign  and f a b r i c a t i o n  of t h e  fol lowing r a d i a l - f l o w  turbo-  
machinery: 

Both a x i a l -  and r ad ia l - f low types of 

Compressor and Turbine Research Packages - The two compressor 
and t u r b i n e  r e s e a r c h  packages each include a high-performance s i n g l e -  
s t a g e  r a d i a l  wheel and a t t e n d a n t  components and a s u i t a b l e  set of 
running gear  w i th  o i l - l u b r i c a t e d  bear ings.  
a r e  t o  be used t o  eva lua te  component aerodynamic performance, 

Both r e s e a r c h  packages 

Gas Generator .- This  u n i t  combines t h e  t u r b i n e  and compressor 
of the two r e s e a r c h  packages i n t o  a s i n g l e  h o t  u n i t ,  w i t h  t h e  
running gear  inc luding  gas - lub r i ca t ed  bear ings .  The gas gene ra to r  
w i l l  be used t o  eva lua te  t h e  Brayton-cycle r a d i a l  turbomachinery 
i n  a ground test  loop, 

The gas  genera tor  i s  but  one of the components u t i l i z e d  i n  t h e  
c losed  Brayton-cycle space power system, However, it is  perhaps 
the most c r i t i c a l  from a performance and r e l i a b i l i t y  s t andpo in t .  
The gas gene ra to r  c o n s i s t s  of a s ing le - s t age  r a d i a l  compressor 
u t i l i z e d  f o r  t h e  compression of  t h e  i n e r t  working f l u i d  (a rgon)  
mounted on a s h a f t  supported b y e s  j o u r n a l  and t h r u s t  bear ings ,  
d r i v e n  by a s ing le - s t age ,  r ad ia l - in f low power t u r b i n e  (mounted on 
t h e  same s h a f t ) .  The gas ,  p a r t i a l l y  expanded, i s  exhausted from 
t h e  gas gene ra to r  compressor d r i v e  tu rb ine  i n t o  a second-stage 
f r e e  t u r b i n e  which d r i v e s  an  a l t e r n a t o r  on t h e  same s h a f t .  This  
l a t t e r  package i s  s e p a r a t e  from t h e  gas  gene ra to r  u n i t .  

3 



The c o n t r a c t  e f f o r t ,  performed t o  design, f a b r i c a t e ,  and 
acceptance tes t  t h e  r ad ia l - f low gas genera tor ,  i s  summarized i n  
Sec t ion  3.0 of t h i s  r e p o r t .  The program included t h e  s c a l i n g  of 
e x i s t i n g  AiResearch t u r b i n e  and compressor designs,  and develop- 
ment of t h e  mechanical and dynamic i n t e g r a t i o n  of t h e  gas bear ings  
i n t o  t h e  gas genera tor .  

The s i g n i f i c a n c e  of t he  program i s  t h e  i n t e g r a t i o n  of gas  
bear ings wi th  turbomachinery t h a t  culminates  a s  a gas-bear ing  gas 
generator  designed f o r  ope ra t ion  on i n e r t  gas i n  a zero-g 
environment--a f i r s t  of i t s  kind. Gas bear ings  appear t o  be a 
promising s o l u t i o n  t o  the  bear ing  requirements of l o n g - l i f e  Brayton- 
c y c l e  space power turbomachinery. 

The guidance and a s s i s t a n c e  given t o  t h i s  c o n t r a c t o r  by 
Messrs. J. A ,  Heller, H. E .  Rohlik, and G .  K. F i sche r  of NASA- 
L e w i s  a r e  acknowledged, The t e c h n i c a l  a s s i s t a n c e  and c o n s u l t a t i o n  
provided by T h e  F rank l in  I n s t i t u t e  ( D r .  E .  J. Gunter, Jr .) ,  and by 
D r .  V. C a s t e l l i ,  i n  t h e  des ign  of gas j o u r n a l  bear ings  i s  a l s o  
acknowledged e 
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2 .0  SELECTION OF DESIGN SPEED 

Figure 1 shows a schematic of  t h e  NASA Brayton-cycle space 
power sys tem.  Contract  NAS3-2778 c a l l s  f o r  t he  design and f ab r i ca -  
t i o n  of a t u rb ine  research  tes t  package, a compressor research  tes t  
package, and a gas generator  with the same aerodynamic components 
a s  were used i n  t h e  test  packages, As s p e c i f i e d  by t h e  con t r ac t ,  
t h e  gas generator  and research  t e s t  packages have i d e n t i c a l  design 
condi t ions  when cor rec ted  mass-flow r a t e s  a r e  compared. 
presents  a summary of the design condi t ions a s  s p e c i f i e d  by t h e  
c o n t r a c t ,  I n  a d d i t i o n  t o  t h e  condi t ions l i s t e d  i n  Table 1, t h e  
most important remaining turbomachinery v a r i a b l e s  a r e :  

Table 1 

( a )  Shaft  speed, N 1  

( b )  Compressor s p e c i f i c  speed, NS 
C 

From t h e  expression of compressor s p e c i f i c  speed 

it  can be seen t h a t  t h e  compressor s p e c i f i c  speed i s  a func t ion  
only of s h a f t  speed, s ince  the  remaining v a r i a b l e s  a r e  f ixed  by 
t h e  c o n t r a c t ,  ( A  l i s t  of the symbols used throughout t h i s  r epor t  
can be found i n  t h e  Glossary, Appendix I . )  
speed i s  t h e  only remaining va r i ab le  t o  be s p e c i f i e d .  

Therefore,  t he  s h a f t  
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TABLE 1 

DESIGN P A R A m E R S  FIXED BY 
CONTRACT NAS 

Working f l u i d  

Mass flow r a t e ,  W -1bs 
p e r  sec 

Turbine i n l e t  temperature 
T 3 j  

Turbine i n l e t  p ressure  
P S j  p s i a  

Turbine pressure  r a t i o ,  r tl 
Comp r es so r i n  1 et temp era  t u r e  , 

T i ,  % 

Compressor i n l e t  p ressure ,  
P1, p s i a  

rC 
Compressor pressure  r a t i o ,  

Corrected mass flow rate: 

W ./e/S t u rb ine ,  
l b s  p e r  s e c D  

w JF/s compressorj 
l b s  p e r  s e c o  

3-2778 

Turbine Compressor Gas 
Package Package Generator 

Argon Argon Argon 

1 184 0.621 0.611 

13 -2 - 13.2 

1.56 - 1.56 

- 520 536 

- 6.0 6.0 
- 2.30 2.30 

- 1.318 1.318 

- 1.521 1 .%I 
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With t h e  design-point  condi t ions  l i s t e d  i n  Table 1, a recuper-  
a t o r  e f f ec t iveness  (ER)  of 0~85,  and a p re s su re - los s  parameter ( e )  
of 0.90, a gas generator  design-point  s tudy was conducted t o  e s t ab -  
l i s h  the gas genera tor  thermodynamic and aerodynamic opera t ing  
condi t ions .  Figures  2 and 3 i l l u s t r a t e  t h e  v a r i a t i o n  of wheel 
diameters,  component and cyc le  e f f i c i e n c i e s ,  component s p e c i f i c  
speedsJ and tu rb ine  p re s su re  r a t i o  over a range of s h a f t  speeds 
wi th  the  tu rb ine  and compressor matched. A s  noted on t h e  f i g u r e s ,  
a s h a f t  speed of 38,500 rpm was s e l e c t e d  a s  d iscussed  below. 

The compressor s p e c i f i c  speed of 0.106, corresponding 
t o  a s h a f t  speed of 38,500 rpm,makes AiResearch 
compressor experience wi th  s i m i l a r  s p e c i f i c  speeds 
d i r e c t l y  app l i cab le .  A more favorable  s p e c i f i c  
speed of 0.09, based on a system weight op t imiza t ion  
t o  reduce t h e  weight 5 percent ,  would r e s u l t  i n  a 
speed of 33,000 rpm, which i s  undes i rab le ,  a s  d i s -  
cussed i n  ( c )  below. 

Reasonable a d i a b a t i c  e f f i c i e n c i e s  occur f o r  t h e  com- 
pressor  and turbi .nes  a t  a s h a f t  speed of 38,500 rpm, 
whereas a t  lower speeds t h e  component e f f i c i e n c y  and, 
thus,  t h e  cyc le  e f f i c i e n c y  drop o f f  r a p i d l y .  

Turbine a,nd compressor wheel diameters  of 6 inches 
occur a t  a s h a f t  speed of 38,500 rpm wi th  reasonably 
obta inable  a d i a b a t i c  e f f i c i e n c i e s .  An inc rease  i n  
t h e  s h a f t  speed would reduce t h e  wheel s i z e  and r e s u l t  
i n  more r e s t r i c t i v e  manufacturing to l e rances  necessary 
t o  maintain h y d r a u l i c a l l y  smooth aerodynamic passages 
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COMPRESSOR PRESSURE RATIO, r = 2.30 
COMPRESSOR I N L E T  PRESSURE, P? = 6.0 P S I A  
MASS FLOW RATE, rh = 0.611 LBS 

PER SEC 
0.29 

0.28 

0.27 

N g  - RPM 

24 000 
,12,000 

14 

E; 13 24,000 
12 9 000 E o  Y2 12 

0.78 

F" 0.77 

0.76 

0.13 

0.12 

0 0.11 

0.10 

0.09 

2" 

SHAFT SPEED, N1 - RPM X 

COMPRESSOR DESIGN POINT 
STUDY RESULTS 

FEURE 2 
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COMPRESSOR INLET TEMPERATURE, T i  = 536OR 
TURBINE INLET TEMPERATURE, T3 = 1950"R 

WORKING FLUID = ARGON 
RECUPERATOR EFFECTIVENESS, ER = 0.05 

= 0.90 TURBINE PRESSURE RATIO 
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FIGURE 3 

10 



3.0 GAS GENERATOR DESIGN 

3.1 Gas Generator Descr ip t ion  

F igure  4 shows a schematic of the f i n a l  gas genera tor  conf ig-  
u r a t i o n ,  The compressor and tu rb ine  wheels a r e  mounted on a common 
s h a f t  i n t o  which i s  incorporated a double-acting t h r u s t  bear ing  
s l i d e r  Pivoted-pad gas- journa l  bear ings support  t h e  s h a f t ,  one on 
each s i d e  of t h e  t h r u s t  bear ing next t o  t h e  t u r b i n e  and compressor 
wheels, These bear ings  a r e  of t h e  hydrodynamic type ( s e l f  a c t i n g )  
w i th  h y d r o s t a t i c  l i f t - o f f  c a p a b i l i t y  f o r  s t a r t i n g  and s topping.  
Between t h e  j o u r n a l  bear ing  c a r r i e r s  a r e  loca ted  t h e  h y d r o s t a t i c  
and hydrodynamic t h r u s t  bear ing s t a t o r s .  The wheels, s h a f t ,  and 
bear ings  a r e  mounted i n  t h e  main frame, on which i s  a l s o  mounted the 
compressor s c r o l l  and d i f f u s e r  and t h e  t u r b i n e  nozzle  and s c r o l l .  

The fol lowing sec t ions  desc r ibe  t h e  des ign  and development 
of t h e  var ious  components incorporated i n t o  t h e  gas genera tor .  
Design d e t a i l s  of t h e  tu rb ine  and compressor have been minimized 
i n  t h e  i n t e r e s t  of  b r e v i t y .  However, t h e  gas bear ing  development 
and i n t e g r a t i o n  of t h e  components a r e  included. 

3.2 Compressor and Turbine 

The compressor and t u r b i n e  components of t h e  gas genera tor  
were f i r s t  designed, f ab r i ca t ed ,  and t e s t e d  on co ld  r e sea rch  pack- 
ages shown i n  F igures  5 and 6. 

The compressor r e sea rch  package c o n s i s t s  of  a 6.0-inch-diameter 
r a d i a l  impel ler  w i th  a t t endan t  s c r o l l  and d i f f u s e r  mounted on a n  o i l -  
bear ing  tes t  r i g .  
and cutback tests w e r e  run t o  determine t h e  optimum impel le r  c u t -  
back f o r  t h e  design condi t ions .  Figure 7 shows t h e  f i n a l  map f o r  
t h e  compressor. 

Performance t e s t i n g  was accomplished on t h i s  r i g  

A complete d iscuss ion  of  t h e  compressor design,  

11 
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NASA COMPRESSOR RESEARCH PACKAGE 

FIGURE 5 
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NASA TURBINE RESEARCH PACKAGE 

FIGURE 6 
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TEST FLUID - ARGON 
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fabrication, and acceptance testing can be found in NASA Report 
CR-54368 entitled Design and Development of a High-Performance 
Brayton-Cycle Compressor Research Package (AiResearch Report 
APS-5109-R). 
the NASA. 

Two compressor research packages were delivered to 

The turbine. research package consists of a 6.0 inch diameter 
radial turbine wheel with attendant scroll and nozzle mounted on 
an oil-bearing test rig, Development testing was accomplished on 
this rig, A complete discussion of the turbine design, fabrica- 
tion, and acceptance testing can be found in NASA Report CR-54367 
entitled Design and Development of a High-Performance Brayton- 
Cycle Turbine Research Package (AiResearch Report APS-5108-R). 
Two turbine research packages were delivered to the NASA. 

3.3 Dynamic Ana lys is 

At the initiation of the gas-generator design, four possible 
gas-bearing/turbine and compressor wheel configurations were 
analyzed to determine the best configuration from critical speed 
and design considerations. The four systems, shown in Figure 8, 
consisted of a double overhung system, a compressor overhung sys- 
tem, a turbine overhung system, and a system wherein the bearings 
are mounted outside the turbine and compressor wheels. Of the four 
configurations analyzed, the double overhung system was chosen for 
continued analysis since it presented fewer overall design problems. 

A bearing load and critical speed analysis was then conducted 
for the double overhung system with a range of bearing spacings 
(6"O to 14,5 inches) and overall resilient gas bearing spring 
rates (5,000 to 20,000 pounds per inch). The resiliently mounted 
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bearings tend t o  minimize t h e  c r i t i c a l  speeds and bear ing loads 
(see Section 3.4 f o r  a d i scuss ion  of t h e  r e s i l i e n t l y  mounted bear-  
i n g s ) .  Figure 9 shows t h e  r e s u l t s  of t h e  c r i t i c a l  speed a n a l y s i s .  
For t h e  v a r i a b l e  spacing and bear ing combined gas f i l m  and mount 
spr ing  r a t e s ,  the bear ing loads a t  design opera t ing  speed were 
approximately 20 pounds p e r  0.001 inch c .g .  e c c e n t r i c i t y  ( i . e . ,  
t h e  c o g .  of both t h e  tu rb ine  and compressor masses a r e  d isp laced  
0.001 inch i n  t h e  same d i r e c t i o n  from t h e  r o t a t i o n a l  c e n t e r ) .  
Bearing spacings from 6.0 t o  13.0 inches were i n i t i a l l y  chosen t o  
be u t i l i z e d  i n  t h e  gas bear ing  t e s t i n g  and a s  l i m i t s  f o r  t h e  gas 
generator ,  The 14.5-inch bear ing spacing was r e j e c t e d  s i n c e  t h e  
t h i r d  c r i t i c a l  speed i s  too  c l o s e  t o  t h e  38,500 rpm opera t ing  speed. 

These r e s u l t s  were obtained by u t i l i z i n g  an AiResearch c r i t i c a l -  
speed computer program. This program has t h e  c a p a b i l i t y  of con- 
s ide r ing  gyroscopic moments, s h a f t  f l e x i b i l i t i e s ,  bear ing (and 
support)  f l e x i b i l i t i e s ,  s t a t i c  and dynamic r o t o r  unbalance, and 
r o t o r  d i s t r i b u t e d  p rope r t i e s .  The  r o t o r  may be lumped i n t o  a 
maximum of  30 mass s t a t i o n s ,  and a t  each mass s t a t i o n  t h e  mass, 
po lar  moment of i n e r t i a ,  d iamet ra l  moment of i n e r t i a ,  mass unbal- 
ance and bear ing f l e x i b i l i t y  may be spec i f i ed .  The wh i r l  r a t i o  
may a l s o  be prescr ibed,  The program computes bear ing loads versus  
speed and t h e  r o t o r  c r i t i c a l  speeds and corresponding r o t o r  modal 
pa t t e rns  

After  the design of t h e  gas generator  was f i n a l i z e d ,  t h e  
f i n a l  c r i t i c a l - s p e e d  a n a l y s i s  was accomplished, and t h e  r e s u l t s  
a r e  shown i n  Figure 10. For t h i s  a n a l y s i s  t h e  bear ing spacing 
was 7 .0  inches,  and t h e  combined r o t a t i n g  group polar  moment of 
i n e r t i a  was 0.060 inch-lbs-sec".  
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It should be noted t h a t  t h e  bearing loads shown i n  Figure 10 
a r e  f o r  c .g .  e c c e n t r i c i t i e s  of 0.001-inch. However, t h e  c..g. 
e c c e n t r i c i t y  obtained on both the  bearing t e s t  r i g  s h a f t s  and t h e  
gas gene ra to r  i s  i n  t h e  range of 0.0001-inch which reduces the  
a c t u a l  bea r ing  loads by a f a c t o r  of  10. 
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3.4 Journal  Gas B m  

3.4.1. gss ipn  Considerat ions and Bearing Se lec t ion  

The u s e  of g a s . l u b r i c a t e d  bear ings  f o r  t h e  r o t o r  support  
system of t h e  g a s  gene ra to r  i s  cont ingent  upon t h r e e  requi re -  
ment s : 

( a )  t h a t  an e f f e c t i v e  means be provided t o  accommodate 
dimensional changes and misalignments of t h e  compo- 
nen t s  a s soc ia t ed  wi th  t h e  bear ings .  

t h a t  r o t o r  dynamic s t a b i l i t y  be ensured throughout 
t he  s y s  tern opera t ing  range. 

( b )  

( c )  t h a t  t he  bear ings  can b e  s e l f - a c t i n g  (use  process  g a s )  
a t  t he  r o t o r  design speed (no e x t e r n a l  p r e s s u r i z a t i o n  
a v a i l a b l e  f o r  long.,time ope ra t ion ) .  

A c a r e f u l  review of t he  above requirements l ed  t o  the  s e l e c -  
t i o n  of 9clf  x t i n g  p a r t i a l - a r c  pivoted-pad bear ings .  This type 
of bearing o f f e r s  a t  t r a c t i v e  mechanical des ign  f e a t u r e s  such as 
t h e  a b i l i t y  t o  accommodate ro to r  r a d i a l  misalignments and minor 
bear ing su r face  imperfect ions In  a d d i t i o n ,  r o t o r  dynamic sta- 
b i l i t y  i s ,  i n  genera l ,  considerably improved wi th  pivoted shoe 
bear ings as cmpared t o  o t h e r  bear ing types such as conventional 
c y l i n d r i c a l  j m r n a l  bear ings  

Based on ex tens ive  turbomachinery experience wi th  both a n t i -  
f r i c t i o n  bear ings  and conventional o i l  j o u r n a l  bear ings ,  AiResearch 
chose t o  r e s i l i e n t l y  support  t h e  two j o u r n a l  bear ing assemblies  of 
t h e  gas  genera tor .  
i n  t h e  use of r e s i l i e n t  mounts: 

The fol lowing d e s i r a b l e  advantages are r e a l i z e d  
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( a )  Rigid r o t o r  c r i t i c a l  speeds a r e  influenced by r e s i l i e n t  
bear ing mounts. 
rate w i l l  ensure t h a t  the f i r s t  two system c r i t i c a l  
speeds are i n  t h e  low-speed, low-energy regime. 

Proper choice of the support  spr ing  

( b )  Large t r a n s i e n t  r o t o r  dynamic motions, such as occur 
during acce le ra t ion  through system c r i t i c a l  speeds, are 
not l imi t ed  by the  gas f i lm thickness ,  s i n c e  the  r e s i l -  
i e n t  mounts w i l l  accommodate l a r g e  movements e 

( c )  Rotor and bearing dimensional v a r i a t i o n s  a s  a r e s u l t  
of thermal and c e n t r i f u g a l  growth a r e  p a r t i a l l y  accom- 
modated by the  de f l ec t ion  of t h e  r e s i l i e n t  mounts. 

( d )  The a b i l i t y  to  e s t ab l i sh  a p o s i t i v e  preload on the  
rotor-bear ing group t o  suppress wh i r l  tendencies i n  
I t  zero-gl’ environments (space power systems).  

The last  advantage c i ted- - tha t  of e s t ab l i sh ing  a p o s i t i v e  
bear ing preload (shoe-rotor  i n t e r f e rence  a t  zero speed) ,  b r ings  
about an a d d i t i o n a l  design considerat ion of i t s  own--that of ex- 
t e r n a l  p re s su r i za t ion  ( a  hydros ta t ic  shoe l i f t - o f f  f l o t a t i o n  
system) f o r  s t a r t i n g  and s topping.  This combination of ex te rna l  
p re s su r i za t ion  during s t a r t i n g  and stopping and s e l f - a c t i n g  a b i l -  
i t y  dur ing  normal operat ion (no ex terna l  p re s su r i za t ion  requi red)  
e l imina te s  t h e  p o s s i b i l i t y  of any contac t  between t h e  t i l t i n g  
shoes of t h e  jou rna l  bearing and the su r face  of t he  r o t o r e  

The bear ing configurat ion se lec ted  f o r  the  gas genera tor  
bear ing development consis ted of three  bearing shoesg with each 
shoe encompassing a 100-degree a r c .  
with p i v o t a l  freedom9 and one o r  more of t h e  shoes a t  each bear ing 
were provided wi th  r a d i a l  r e s i l i ency  e 

A l l  t h e  shoes were provided 

The shoes i n i t i a l l y  contacted 
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t h e  jou rna l  w i t h  a predetermined i n t e r f e r e n c e  load (p re load )  
which was accommodated by t h e  shoe r e s i l i e n t  suppor ts .  Each 
shoe was l i f t e d  from t h e  j o u r n a l  p r i o r  t o  r o t a t i o n  by means of 
hydros t a t i c  o r i f i c e s  incorpora ted  i n  t h e  bear ing  shoe s u r f a c e s .  
The h y d r o s t a t i c  gas  supply was then  removed from t h e  o r i f i c e s  when 
t h e  s h a f t  assembly had reached i t s  des ign  ope ra t ing  speed. 

Figure 11 schemat ica l ly  i l l u s t r a t e s  the two r e s i l i e n t  
mounting methods t h a t  w e r e  developed. I n  Case 1, each of t h e  
shoes i s  r e s i l i e n t l y  supported,  and t h e  d i f f e r e n t i a l  dimensional 
changes a r e  accommodated by t h e  f l e x i b i l i t y  of each of  t h e  l u b r i -  
can t  f i lms  and of each of t h e  t h r e e  shoe suppor ts .  The equiva len t  
mechanical system s imula t ing  t h i s  ca se  i s  one of each shoe being 
separated from t h e  j o u r n a l  by a nonl inear  s p r i n g  i n  a p a r a l l e l  w i th  
a nonl inear  viscous damper. I n  t h i s  ca se  the t o t a l  f i l m  r e s i s t a n c e  
a c t s  i n  series wi th  t h e  shoe r e s i l i e n t  support  l i n e a r  sp r ing .  I n  
Case 2 of F igure  11, only one shoe a t  each bear ing  i s  r e s i l i e n t l y  
supported, and a l l  of t h e  d i f f e r e n t i a l  dimensional change i s  accom- 
modated w i t h i n  each l u b r i c a n t  f i l m  and t h e  s ing le-shoe  r e s i l i e n t  
support  

F igure  12 shows two bas i c  bear ing  shoe and mount conf igura-  
t i o n s  t h a t  were evaluated dur ing  t h e  t e s t i n g  program. Both t h e  
fixed-stem ( e l a s t i c a l l y  p ivoted)  and t h e  bal l -and-socket  res i l -  
i e n t l y  mounted gas bear ing  designs u t i l i z e  t h e  d e f l e c t i o n  of t h e  
c i r c u l a r  p l a t e  o r  diaphragm t o  provide t h e  mount sp r ing  r a t e .  
The inherent  angular  s t i f f n e s s  of t h e  f ixed-stem des ign  i s  e l i m i -  
nated by the bal l -and-socket  des ign ,  The h y d r o s t a t i c  l i f t - o f f  
system c o n s i s t s  of e i t h e r  a s i n g l e  o r i f i c e  o r  four  o r i f i c e s  i n -  
corporated i n t o  t h e  bear ing  shoe su r face .  
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3.4.2 Gas Bearing Analysis  

I 

Once t h e  aerodynamic performance of t h e  gas  genera tor  was 
determined (compressor impel ler  and tu rb ine  wheel s i z e s )  p r e l i m i -  
nary l ayou t s  of t h e  main r o t a t i n g  assembly w e r e  completed. Tenta- 
t i v e  bear ing  span ranges from 6.0 t o  13.0 inches were obtained 
from t h e s e  l ayou t s .  The mass and i n e r t i a l  p r o p e r t i e s  of t h e  ae ro -  
dynamic components, and assumed r o t o r  dimensions, inc luding  t h e  
range of bear ing  spans, p lus  a range of bear ing  support  f l e x i b i l -  
i t i e s ,  were used t o  determine a range of r igid-body c r i t i c a l  speeds, 
a s  w e l l  a s  t h e  t h i r d  c r i t i c a l  speed ( f r e e - f r e e  bending mode). 

I n  genera l ,  t h e  r o t o r  diameter s i z e  i s  t h e  governing c r i t e r i o n  
t o  keep t h e  s h a f t  f r e e - f r e e  bending mode ( t h i r d  c r i t i c a l  speed) 
w e l l  above t h e  opera t ing  speed. The gas bear ing  j o u r n a l  s i z e  was 
t h e r e f o r e  determined from t h e  above analysis. ,  The f i n a l  t a s k  was 
t o  determine whether gas bear ings  of t h e  prescr ibed  diameter had 
adequate s e l f - a c t i n g  load-carrying a b i l i t y ,  gas f i l m  s t i f f n e s s ,  
e t c , ,  t o  m e e t  the bear ing  load requirements,  

Analysis  of the gas bear ings  was accomplished by a s teady-  
s t a t e  d i g i t a l  computer program t h a t  is  capable  of cons ider ing  
e i t h e r  incompressible o r  compressible f l u i d s  opera t ing  i n  e i t h e r  
t h e  laminar o r  t u rbu len t  flow regimes. E i t h e r  a f u l l  j o u r n a l  o r  
a s i n g l e  s e c t o r  may be prescr ibed  with l o c a l  v a r i a t i o n  i n  t h e  su r -  
f a c e  geometry. I n  add i t ion ,  provis ion i s  made f o r  cons ider ing  
l o c a l  h y d r o s t a t i c  l i f t - o f f  o r i f i c e s .  Thus, e x t e r n a l l y  pressur ized ,  
s e l f - a c t i n g ,  o r  hybrid l u b r i c a t i o n  may be analyzed f o r  a s i n g l e  
shoe 



An i t e r a t i v e  numerical technique i s  employed t o  so lve  t h e  
Reynolds equat ion f o r  f i n i t e  l eng th  bear ings ,  and, thus,  end- 
leakage e f f e c t s  a r e  i m p l i c i t  i n  t h e  a n a l y s i s .  Any combination of 
j ou rna l  dynamic motions may be cons idered  t h a t  would in t roduce  
misalignment, j o u r n a l  e c c e n t r i c i t y  r a t e  of  change, and j o u r n a l  
w h i r l .  The program p r e d i c t s  bear ing  loads,  c e n t e r  of p re s su re  
coordinates  and moments about any s p e c i f i e d  set of  coord ina te  
axes,  flow-leakage r a t e s p  and p res su re  d i s t r i b u t i o n  f o r  a maximum 
matrix s i z e  of 21 rows and 36 columns. 

The j o u r n a l  bear ing  computer program was u t i l i z e d  t o  formu- 
l a t e  the i n i t i a l  bear ing  designs committed t o  t h e  t es t  program, 
I n  addi t ion ,  t h e  computer program g r e a t l y  s i m p l i f i e d  t h e  problem 
of  eva lua t ion  of  tes t  r e s u l t s .  

The tes t  r o t o r s  were evolved from the aforementioned 
a n a l y s i s .  
r o t o r s  were hollow wi th  approximately l/rC-inch w a l l  th ickness  a t  
t h e  journa ls .  The j o u r n a l  su r f aces  were Flame-Plated wi th  tungs ten  
carbide.  The mass and i n e r t i a l  p r o p e r t i e s  of eachwere s i m i l a r  t o  
those  of t h e  f u t u r e  gas genera tor  r o t a t i n g  assembly, For t h e  
11-inch bear ing  span r o t o r  (most f r equen t ly  used i n  development 
t e s t i n g ) ,  t hese  p r o p e r t i e s  w e r e :  

The bear ing  spans ranged from 6.0 t o  13.0 inches.  The 

Mass: 
Polar moment of i n e r t i a :  
Diametral moment of  i n e r t i a :  

OU0384 l b  sec2  per  inch  
0.033 i n  -1b-sec2 

1.271 in- lb-sec2 
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The pivoted-pad gas bearing/resil ient-mount conf igura t ions  
i n i t i a l l y  analyzed and t e s t e d  were: 

P ivot  = bal l / socket  and f i x e d - s t e m  ( e l a s t i c  p i v o t )  
Mount s t i f f n e s s e s  = 20,000 lbs p e r  inch and 10,000 l b s  p e r  inch 
L i f t - o f f  sys tem = 4 - o r i f i c e  and s i n g l e - o r i f i c e  
Clearance r a t i o  (C/R) = OoOOl 
Journa l  r a d i u s  ( R )  = 1.000 inch 
Angular span (degrees)  = 100 
L/R r a t i o  = 1.5 
Pivot  l oca t ion  = 50' from leading edge 

3.4.3 Gas Bearing Tes t ing  

Development t e s t i n g  of t h e  gas bear ings was accomplished on 
two development tes t  r i g s - - t h e  single-shoe tes t  r i g ,  and t h e  dynamic 
two-bearing test  r i g .  The s i n g l e  shoe t e s t  r i g  was used t o  i n v e s t i -  
g a t e  i s o l a t e d  behavior of t h e  bearing shoe, such a s  hydros t a t i c  
ca pa b i l  i t  y , hydrodynamic performance, misa 1 ignment e f f ec t s , pivo t a  1 
funct ion ,  shoe i n s t a b i l i t y ,  etc.,  of  some of t h e  bear ing  designs 
considered i n  Sec t ion  3.4.3.3. The two-bearing tes t  r f g  was used 
t o  eva lua te  complete bear ing systems w i t h  the s h a f t  o r i en ted  i n  
the v e r t i c a l  plane, s ince  t h i s  best  simulated zero-g condi t ions  
f o r  j o u r n a l  bear ings  and represented t h e  most c r i t i c a l  bear ing 
opera t ion  from t h e  s tandpoint  of s t a b i l i t y ,  A l l  t e s t i n g  was under- 
taken i n  ambient a i r  condi t ions,  and hydros t a t i c  supp l i e s  u t i l i z e d  
pressur ized  a i r  which could be var ied from zero  t o  160 ps ig  a s  
necessary.  

3-4.3.1 Single-Shoe T e s t  R i g  

This  tes t  r i g  c o n s i s t s  of a p rec i s ion  su r face  r o t o r  mounted 
on p rec i s ion  b a l l  bear ings and driven by a n  a i r  tu rb ine .  
has two capaci tance probes imbedded i n  t h e  su r face  180 degrees 
a p a r t  and spaced t o  sweep under the outer  edge of  each of t h e  t e s t  
shoes,  Both probes a r e  commonly connected t o  an a x i a l l y  loca ted  

The r o t o r  
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j unc t ion  which te rmina tes  a t  one end of t h e  r o t o r .  
needle brush, bear ing  a g a i n s t  t h e  r o t o r  end, conveys t h e  capac i t ance  
s i g n a l  t o  a remotely loca ted  d i s t a n c e  meter (Photocon Products 
Dynagage). 
(sweep of each shoe edge) and g ives  a continuous d i s p l a y  of t h e  
c learance  between t h e  shoe and t h e  r o t o r .  
i s  mounted i n  a bear ing  c a r r i e r  and loaded a g a i n s t  t h e  r o t o r .  
S t r a i n  gauges, mounted i n  a br idge  c i r c u i t  on t h e  bear ing  r e s i l i e n t  
c i r c u l a r  p l a t e ,  a r e  used t o  e s t a b l i s h  t h e  d e s i r e d  i n i t i a l  preload,  
and for  cons t an t ly  monitoring bear ing  ope ra t ing  loads ,  
shows t h e  s i n g l e  shoe t e s t  r i g .  

A spr ing-loaded 

Thus each r e v o l u t i o n  of t h e  r o t o r  produces two s i g n a l s  

The test  bear ing  shoe 

F igu re  13 

3.4.3.2 Dynamic Two-Bearing Test R i g  

The two-bearing r o t o r  dynamic test  r i g ,  shown i n  F igure  14, 
i s  used t o  i n v e s t i g a t e  t h e  dynamic behavior a s  w e l l  a s  o t h e r  
aspec ts  of t h e  system comprising t h e  gas bear ings  and test  r o t o r .  

The tes t  r o t o r  i s  v e r t i c a l l y  supported i n  t h e  t es t  r i g  and i s  
dr iven by a t u r b i n e  wheel mounted a t  t h e  r o t o r  upper end. A hydro- 
s t a t i c  t h r u s t  bear ing  suppor ts  t h e  r o t o r  a t  t h e  bottom. Each bear -  
i ng  shoe assembly i s  secured t o  a support  assembly. This  support  
assembly i s  mounted t o  a t r a c k  d i r e c t e d  r a d i a l l y  wi th  r e s p e c t  t o  
t h e  r o t o r ,  and r a d i a l  pos i t i on ing  of t h e  assembly i s  provided by 
a c a l i b r a t e d  screw th read ,  
a x i s  parallel t o  t h e  r o t o r  a x i s ,  I n  a d d i t i o n ,  t h e  support  assembly 
has  provis ion  f o r  p ivo t ing  of t h e  bear ing  shoe assembly about a 
ho r i zon ta l  a x i s  d i r e c t e d  perpendicular ly  t o  t h e  t r a c k .  Thus, t h e  
angular  a t t i t u d e  of each bear ing  shoe assembly may be ad jus t ed  
mechanically about t h r e e  or thogonal  axes,  and any d e s i r e d  i n i t i a l  
c learance  o r  i n t e r f e r e n c e  between shoe and s h a f t  may be e s t a b l i s h e d .  
A micrometer adjustment i n  each support  assembly l i m i t s  t h e  maximum 
r a d i a l  d e f l e c t i o n  of t h e  bear ing  r e s i l i e n t  support .  
r e s i l i e n t  suppor t ing  system wi th  any d e s i r e d  f l e x i b i l i t y  may be 
t e s t e d  w i th  t h i s  r i g .  

The t r a c k  may a l s o  be p ivoted  about an  

, 

Any type of 
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SINGLE-SHOE BEARING TEST RIG 

FIGURE 13 



FIGURE 14 
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The t e s t - r i g  bear ing  support  b racke ts  a r e  made so t h a t  t h e  
bea r ing  span may be v a r i e d  t o  accommodate r o t o r s  of va r ious  lengths ,  

Capacitance probes (Photocons),  mounted i n  quadra ture  wi th  
r e s p e c t  t o  t h e  r o t o r  a x i s  on each bear ing bracke t ,  monitor s h a f t  
dynamic motions i n  t h e  r a d i a l  d i r e c t i o n  near  each bear ing.  I n  
a d d i t i o n ,  t h e  r e l a t i v e  motions of one bear ing  shoe a r e  monitored 
by two capac i tance  probes d i r e c t e d  a t  t h e  upper and lower reg ions  
of  t h e  shoe leading  edge, and a l s o  by a t h i r d  Photocon d i r e c t e d  a t  
t h e  shoe t r a i l i n g  edge, thus  providing t h e  c a p a b i l i t y  of desc r ib ing  
t h e  motion of t h e  shoe i n  t h e  two planes of p i t c h  and r o l l .  A 
Photocon a t  t h e  bottom of t h e  r o t o r  measures t h e  a x i a l  motions of 
t h e  r o t o r .  This  ins t rumenta t ion ,  as w e l l  a s  speed output ,  i s  con- 
nec ted  t o  a 14-channel magnetic tape  r eco rde r  (see Figure  15 f o r  
t h e  bea r ing  tes t  f a c i l i t y  ins t rumenta t ion) ,  thus providing a means 
of record ing  t h e  continuous h i s t o r y  of test  runs from s t a r t - u p  t o  
f u l l  speed. 

For each tes t ,  i n i t i a l  alignment of each bear ing  shoe may be 
obta ined  wi th  t h e  tes t  r o t o r  supported on alignment c e n t e r  p ins  a t  
each end. Af t e r  alignment i s  achieved, t h e  c e n t e r  p ins  a r e  removed, 
and t h e  h y d r o s t a t i c  t h r u s t  bear ing  is  rep laced  a t  t h e  bottom of 
t h e  s h a f t .  S t r a i n  gauges cemented t o  each bear ing  shoe r e s i l i e n t  
p l a t e  a r e  c a l i b r a t e d  a s  func t ions  of both l i n e a r  and angular  d i s -  
placements of  t h e  bear ing .  The outputs  from each of t h e s e  s t r a i n  
gauges a r e  u t i l i z e d  a s  t h e  b a s i s  of e s t a b l i s h i n g  t h e  d e s i r e d  r a d i a l  1 

I alignment and i n i t i a l  preload between t h e  bea r ing  and t h e  s h a f t .  

These s t ra in-gauge  s i g n a l s  a r e  a l s o  u t i l i z e d  t o  cont inuously 
monitor bear ing  loads  dur ing  t e s t i n g ,  Thermocouples connected t o  
the bea r ing  shoes a r e  used t o  determine nominal shoe temperature,  
and s i g n a l s  from t h e  thermocouples and s t r a i n  gauges a r e  cont inu-  
ous ly  recorded on a Sanborn recorder .  
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GAS-BEARING TEST FACILITY INSTRUMENTATION 
FIGURE 15 
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3 .4 .3 .3  T e s t  Resul t s  

As previous ly  noted onpage 2g9  t he  four  b a s i c  pivoted-pad 
gas bea r ing  conf igu ra t ions  i n i t i a l l y  t e s t e d  were ( i n  o r d e r ) :  

(1) Fixed-stem, f o u r - o r i f i c e  
(2 )  Ball-and-socket,  f o u r - o r i f i c e  
( 3 )  Fixed-stem, s i n g l e - o r i f i c e  
( 4 )  Ball-and-socket,  s i n g l e - o r i f i c e  

Each of  t h e  above bear ing  conf igura t ions  u t i l i z e d  t h e  equal  
sp r ing  mount system shown i n  F igure  11, Case 1. 

The  tests of t h e  f i r s t  bea r ing  conf igu ra t ion  ( f i x e d  s t e m ,  
four  o r i f i c e )  w e r e  s a t i s f a c t o r y  and r o t o r  speeds t o  50,000 rpm w e r e  
accomplished without  i nc iden t .  These tests e s t a b l i s h e d  t h a t  a bear-  
ing  of t h i s  type might m e e t  t h e  operat ing requirements.  However, 
i n i t i a l  al ignment problems inhe ren t  i n  t h e  fixed-stem des ign  l e d  
t o  f u r t h e r  t e s t i n g ,  the goa l  being t o  develop a workable ba l l -and-  
socket  p ivo t  design t o  a l l e v i a t e  t he  bea r ing  alignment problems i n  
t h e  f i n a l  gas  genera tor ,  Test eva lua t ion  of t h e  remaining t h r e e  
conf igu ra t ions  ind ica t ed  t h a t  a shoe geometry change was r equ i r ed  
t o  provide a wide range of s t a b l e  r o t o r  ope ra t ion  i n  t h e  e x t e r n a l l y  
p re s su r i zed ,  hybrid,  and s e l f - a c t i n g  bear ing  regimes. Some of t h e  
problems encountered i n  these  t e s t s  were shoe f l u t t e r  and spragging 
(shoe  leading-edge d i p ) .  

R e s u l t s  of computer ana lyses  showed t h a t  a n  inc rease  i n  t h e  
shoe c l ea rance  r a t i o  and a r e loca t ion  of t h e  shoe p ivo t  po in t  
would tend t o  optimize t h e  shoe s t a b i l i t y  c h a r a c t e r i s t i c s  and a l s o  
provide a r educ t ion  i n  t h e  predicted shoe f r i c t i o n  loss. 
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Based on t h i s  information, t he  bear ing shoes were redesigned 
(bo th  f i x e d - s t e m  and bal l -and-socket  types)  with the  p i v o t  located 
65 percent back from the  shoe leading edge and t h e  c learance  r a t i o  
(C/R) increased t o  0,0017. Test ing of these  conf igura t ions  wi th  
the equal spr€ng mount system proved to he s a t i s f a c t o r y .  The 
shoe f l u t t e r  and spragging mentioned above were no longer a problem, 
The spring r a t e  of t h i s  p a r t i c u l a r  system was i n  the  order  of 
20,000 pounds per  inch.  I n  order  t o  decrease the  mount sp r ing  r a t e p  
the  mounting system depicted i n  Figure 11, Case 2 was used (two 
Fixed shoes per  bear ing and One r e s i l i e n t  mount). The composite 
spring r a t e  0f th io  system was i n  t h e  order  of 5,400 t o  6,000 
p0unds per  inch ,  The s t a b i l i t y  of  t h i s  system was e x c e l l e n t ,  and 
i n  addi t ion,  the low composite sp r ing  r a t e  afforded adequate 
r o t o r  thermal and c e n t r f h g a l  growth r e l i e f  e 

3 - 4 , 4  Gas Generator Journa l  Bearing Configurat ion 

As a r e s u l t  of the  t e s t i n g  discussed above, the  gas genera tor  
bearing conf igura t ion  se l ec t ed  was based on a s i m i l a r i t y  of t he  
bearing compress ib i l i ty  number, A,  between the  gas genera tor  
bearing and the  a i r  test  bearings where 

P = lubricant .  v i s c o s i t y ,  lbs per  sec  per  sq inch 

R = j o u r n a l  rad ius9  inches 

n = angular  v e l o c i t y ,  rad ians  per  second 



P = ambient pressure,  ps ia  a 

c = bearing c learance  (d i f f e rence  between 
bear ing and jou rna l  r a d i i ) ,  inches 

h = bearing number 

For t h e  gas generator  wi th  a desfgn lambda ( A )  w 1.5, the 
jou rna l  bear ing conf igura t ion  was thus determined t o  be: 

Journa l  rad ius ,  inches = 0.875 

Clearance r a t i o  = 0,00263 

L/R r a t i o  = 1.50 

Angular span, degrees = 100 

Pivot  l oca t ion  ( from 
leading edge), degrees = 65 

P ivo t  type: Ball-and-socket 

Mounting sys  t e m :  Two shoes per  bear ing r a d i a l l y  
constrained, t he  t h i r d  shoe res i l -  
iently supported by a 2,500-pound- 
per-inch diaphragm mount 

Number of hydros t a t i c  
supply o r i f i c e s  per  
shoe: Four 
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These c h a r a c t e r i s t i c  requirements are based on t h e  machine 
des ign  point  of 38,500 rpm s h a f t  speed, 12  p s i a  j o u r n a l  ambient 
pressure,  argon gas atmosphere, and a j o u r n a l  ambient temperature 
l e v e l  of 5 0 0 ~ ~ .  

The four  h y d r o s t a t i c  o r i f i c e s  provide easier l i f t - o f f  a c t i o n  
and a r e  u t i l i z e d  in s t ead  of t h e  s i n g l e  o r i f i c e  so  t h a t  t he  o r i -  
f i ce s  are located away from t h e  p o i n t  of peak hydrodynamic p res su re ,  

Figure 16 shows t he  pred ic ted  performance of t he  bear ings 
a t  the  design condi t ions .  

3.5 Thrust Gas Bearings 

3.5.1 Thrust Bearing Design 

The des ign  of t he  t h r u s t  bear ing w a s  based on the  fol lowing 
ca l cu la t ed  gas generator  ope ra t ing  requirements when ope ra t ing  
i n  t.he design system: 

( a )  A maximum s t a r t - u p  t h r u s t  load t o  s e l f - s u s t a i n e d  speed 
of 60 pounds i n  a d i r e c t i o n  from the  compressor t o  t h e  
tu rb ine  (with a tu rb ine  back pressure  of  3 p s i a  assumed), 

( b )  At s e l f - s u s t a i n e d  speed (approximately 21,000 rpm), 
the t h r u s t  d i r e c t i o n  r eve r ses  and i t s  magnitude becomes 
approximately 20 pounds, 

( c )  The t h r u s t  load inc reases  from 20 pounds t o  a maximum 
value  of 30 pounds a t  ope ra t ing  speed, i n  a d i r e c t i o n  
from t h e  tu rb ine  t o  t h e  compressor. The normal t h r u s t  
bear ing i s  t a  opera t e  hydrodynamically, beginning a t  
s e l f - s u s t a i n e d  speed 
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( d )  The bear ing i s  t o  use argon as the  lub r i can t ,  w i t h  
the temperature i n  the range of 200'F t o  8 0 0 ~ ~ ~  

( e )  Ambient pressure  range i n  the  bear ing c a v i t y  i s  assumed 
t o  vary from 5 p s i a  t o  12,O p s i a .  

Figure 17 shows the  double-s ided t h r u s t  bearing design.  The 
ro to r  s l i d e r  i s  enclosed by two elements; the  hydrodynamic bear ing  
i s  on t h e  compressor s ide ,  and the  hydros ra t i c  bearing i s  on the  
turb ine  s i d e ,  The two t h r u s t  s t a t o r s  are t i e d  toge ther  and sup- 
ported by a gimbal t h a t  al lows roca t ion  of t h e  s t a t o r s  i n  the  
plane of t he  s l i d e r ,  Figures 18 and 19 schematical ly  show t h e  
hydros t a t i c  and hydrodynamic t h r u s t  s t a t o r s .  The h y d r o s t a t i c  
s t a t o r  incorporates  s i x  o r i f i c e s  f o r  t he  hydros t a t i c  l i f t - o f f  and 
operat ion during "reverse" t h r u s t  condi t ions  ( p r i o r  t o  s e l f  - 
sustained speeds)  To f a c i l i t a t e  s t a r t - u p ,  four  h y d r o s t a t i c  o r i -  
f i c e d  pads have been incorporated i n  the  hydrodynamic bear ing  s u r -  
face  t o  ensure an adequate opera t ing  c learance  between the  s l i d e r  
and the  hydrodynamic bearing, thus precluding rubbing of t hese  
bearing su r faces  

By use of a computer program, s t u d i e s  were conducted on the  
normal th rus t  bearing t o  determine an optimum hydrodynamic bear ing 
s i z e  based on load capac i ty  and t h r u s t  bearing f r i c t i o n  a t  the  
des ign  operar ing condi t ions ,  Resul t s  of t h i s  a n a l y s i s  i nd ica t ed  
t h a t  the t h r u s t  bear ing su r faces  should have an ou t s ide  r ad ius  of 
1,62 inches and an i n s i d e  r ad ius  of  O,g5 i nch ,  Figures  20 , 2.1, 
and 22 show the  hydros t a t i c  and hydrodynamic performance of t h e  
t h r u s t  bearings.  
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HYDRODYNAMIC 1 
THRUST STATOR 4 

$- 

HYDROSTATIC 
THRUST STATOR 

THRUST BEARING AND GIMBAL ASSEMBLY 

FIGURE 17 
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6 O R I F I C E S  
EQUALLY 
SPACED 

RADIUS 1*62 IN* -1 
PAD D'IA = 0.08 I N .  
PAD DEPTH = 0.001 I N .  0.95 I N .  

R A D I U S  

FLEXIBLE HYDROSTATIC 
SUPPLY TUBE.  

HYDROSTATIC THRUST BEARING FOR 
NASA GAS GENERATOR 

FIGURE 18 
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6 O R I F I C E S  
EQUALLY SPACED 

PAD D I A  - 0. 
PAD DEPTH = 
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Y o  

X I  BLE 
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HYDROSTATIC 
'BE 

HYDRODYNAMIC THRUST BEARING FOR NASA GAS GENERATOR 

FIGURE 19 
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HYDROSTATIC STATOR CROSS-SECTION 

BEARING CONFIGURATION 

1 .  OUTER RADIUS = 1.62 INCHES 
2 .  INNER RADIUS = 0.95 INCH 
, AMBIENT PRESSURE = 12 P S I A  t , ARGON LUBRICANT 

0 4 8 16 20 24 
MINIMUM FILM THICKNESS, IN. x 104 

HYDROSTATIC THRUST BEARING LOAD CAPACITY 

FIGURE 20 
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HYDRODYNAMIC THRUST BEARING CROSS-SECTION 

BEARING CONFIGURATION 

1 .  OUTER BEARING RADIUS = 1.62 INCHES 
2. INNER BEARING RADIUS = 0.95 INCHES 
3 .  AMBIENT PRESSURE = 12 P S I A  
4. FOUR OF 8 PADS PROVIDED WITH 

EXTERNAL PRESSURIZATION O R I F I C E S  
5. ARGON LUBRICANT 

80 

60 . 
3 

0 
0 4 8 12 16 20 

MINIMUM FILM THICKNESS, I N  X lo4 

HYDRODYNAMIC THRUST BEARING, 
HYDROSTATIC LOAD CAPACITY 

FIGURE 21 
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HYDRODYNAMIC STATOR CROSS-SECTION 

BEARING CONFIGURATION 

1 .  ARGON LUBRICANT 500°F, u=5XlO-' 
2 .  SHAFT SPEED = 36,500 RPM 
3 .  THRUST SURFACES ASSUMED PLANE, NO 

THERMAL DISTORTION CONSIDERED 
4. OUTSIDE PAD RADIUS = 1.62 INCHES 

I N S I D E  PAD RADIUS = 0.95 INCH 
5 .  FRICTION POWER GENERATED I S  INSENSITIVE 

TO SMALL CHANGES I N  AMBIENT PRESSURE 
250 

200 

E s 

0 
2 3 4 5 6 7 

MINIMUM FILM THICKNESS, IN x 104 

NASA GAS GENERATOR HYDRODYNAMIC 
THRUST BEARING PERFORMANCE 

FIGURE 22 
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3.5.2 Thrust  Bearing Tes ts  

3 .5 .2 .1  Thrus t  Bearing I n t e g r a t i o n  Test  R i g  

The i n t e g r a t i o n  of the  thrust-bearing/gimbal-mount assembly 
and j o u r n a l  bear ings w a s  accomplished on a bearing t e s t  r i g  t h a t  
very  c l o s e l y  s i m u l a t e s  the  f i n a l  gas genera tor  design.  The r i g  
c o n s i s t s  of a housing, bearing c a r r i e r s ,  j o u r n a l  gas bear ings,  
and s h a f t  t h a t  exac t ly  d u p l i c a t e  the  f i n a l  gas generator  conf ig-  
u r a t i o n s .  Dummy masses are included on t h e  s h a f t  t o  s imulate  t h e  
masses of t he  j o u r n a l  and tu rb ine  wheels. An a i r  tu rb ine  motor 
i s  u t i l i z e d  t o  d r i v e  the  shaft . ,  
can be va r i ed  by in t roducing  a pos i t i ve  or  negat ive pressure  i n  
a c a v i t y  under the  s h a f t .  The t e s t - r i g  ins t rumenta t ion  i s  similar 
t o  t h e  f i n a l  gas-generator  instrumentat ion.  Figure 23 shows the  
bearing t e s t  r i g  as i n s t a l l e d  i n  t h e  bear ing t e s t  f a c i l i t y .  

Loading of  t h e  t h r u s t  bear ing 

3.5.2.2 Thrus t  Bearing I n t e g r a t i o n  Tes ts  

Various gimbal conf igura t ions  were t e s t e d  with varying 
degrees of success. The conf igura t ion  t h a t  u l t ima te ly  proved t o  
be the  most success fu l  - -  and the one which w a s  incorporated i n t o  
the  gas genera tor  - -  u t i l i z e d  two pa i r s  of p in- in-socket  p ivo t s ,  
each p a i r  loca ted  i n  the mean plane of t he  t h r u s t  su r f aces .  

S t a b l e  opera t ion  w a s  obtained on both t h r u s t  su r f aces ,  and 
t h r u s t  t r a n s f e r s  between the  t h r u s t  sur faces  were very s a t i s f a c -  
t o ry .  Loads up t o  80 pounds were achieved on the  r eve r se  t h r u s t  
bear ing ( h y d r o s t a t i c a l l y ) ,  
pounds were achieved on the  normal t h r u s t  su r f ace  opera t ing  hydro- 
s t a t i c a l l y  and hydrodynamically, r e spec t ive ly .  These t e s t s ,  
undertaken on t h e  frame t e s t  rig,were considered t o  have demon- 
s t r a t e d  t h a t  i n t e g r a t i o n  of the  journa l  and t h r u s t  bear ings had 
been achieved. 

Loads from 0 t o  35 pounds and 5 t o  28 
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COMPANY-SPONSORED BEARING TEST RIG 
FIGURE 23 
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3 6 Thermal Analysis 

I , 

I 

A d i g i t a l  computer thermal ana lys i s  program i s  the  only eco- 
nomical means by which an in tegra ted  housing, r o t a t i n g  group/ 
bear ing assembly can be analyzed from a thermal s tandpoin t  t o  
determine: 

( a )  Operating temperatures throughout t he  machine 

( b )  Re la t ive  p a r t s  movements 

( c )  Thermally induced s t r e s s e s  

( d )  Mate r i a l  requirements 

( e )  Cooling flows i f  required 

( f )  Bearing opera t ing  requirements 

Thermal analyses  a r e  conducted a t  AiResearch wi th  d i g i t a l  com- 
puter  programs by mathematically def in ing  the  complete turbo-  
machine toge ther  with the  i n l e t  and d ischarge  design condi t ions,  
bear ing f r i c t i o n a l  power lo s ses ,  bearing hydros t a t i c  gas supply 
flow, and var ious  cool ing flow rates,  e t c ,  Information necessary 
f o r  the  thermal analyses  i s  the  basic  machine conf igura t ion  as 
def ined by the  prel iminary layout ;  t h e  wheel conf igura t ion  as 
def ined by the stress and aerodynamic ana lyses ;  and t h e  bear ing 
spacing, bear ing i n i t i a l  configurat , ion,  and power lo s ses  as def ined 
by the  dynamic and bear ing analyses .  

Mater ia l s  f o r  t he  var ious  component p a r t s  a r e  s e l e c t e d  from 
an i n i t i a l  thermal analysis ,and cooling flows a r e  se l ec t ed ,  i f  
r equ i r ed ,  The a n a l y s i s  i s  then performed aga in  with the  conf igu ra t ion  
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modif icat ions u n t i l  bear ing temperatures and thermal g rad ien t s  
are reduced t o  wi th in  acceptable  bear ing design,  s t r e s s ,  and 
growth l i m i t a t i o n s .  

A thermal a n a l y s i s  by use of the  method discussed above was 
conducted on the 'basic gas genera tor  and t h e  s t e a d y - s t a t e  tempera- 
t u r e  r e s u l t s  a r e  shown i n  Figure 24 ,  

Figure 25 i l l u s t r a t e s  t h e  h e a t  f low paths  and the  q u a n t i t i e s  
of  heat  energy being t r a n s f e r r e d  through t h e  r o t o r  and a s soc ia t ed  
p a r t s  i n  the  gas genera tor .  It may be noted t h a t  approximately 
50 percent of  t he  hea t  i npu t  t o  t h e  s h a f t  i s  convected away by 
t h e  cool ing gas.  The remaining 50 percent  i s  conducted t o  t h e  
impel ler  where i t  i s  convected t o  the  compressor through-flow. 
F igure  26 presents  the  gas gene ra to r ' s  s h a f t  temperature d i s t r i -  
bu t ion  a t  s teady  s t a t e  and a t  t h r e e  va lues  of time dur ing  the  
s t a r t - u p  t r a n s i e n t .  

Figure 27 presents  t he  t r a n s i e n t  and s t eady- s t a t e  compressor 
and turb ine  axial  shroud c learances .  With i n i t i a l  shroud c l e a r -  
ance s e t t i n g s  of 0.012 and 0.014 inch f o r  t he  compressor and t u r -  
bine,  respec t ive ly ,  s t e a d y - s t a t e  running c learances  of approxi-  
mately 0,010 inch w i l l  be achieved. During t r a n s i e n t  opera t ion  
t h e  shroud c learances  open up t o  a maximum of 0.017 and 0.020 inch  
f o r  the  compressor and turb ine ,  r e spec t ive ly .  

Figure 28 presents  t he  temperature d i s t r i b u t i o n  a t  the  bear ing 
shoe and t h e  ad jacent  j o u r n a l  area, f o r  t h e  compressor and tu rb ine  
bearings,  r e spec t ive ly ,  a t  s teady  s ta te  and a t  t h r e e  time po in t s  
dur ing  the t r a n s i e n t .  These i l l u s t r a t e  how c l o s e l y  i n  temperature 
l e v e l  t h e  shoes and the  jou rna l s  fo l low each o the r  and t h a t  they 
a r e  r e l a t i v e l y  f r e e  fsom coning and crowning. 
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COMPRESSOR AND TURBINE BEARIK: AND SHAFT TWERATURES 

AT DIFFERENT VALUES OF TIME 

FIGURE 28 
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Figure  29 presen t s  the  t r a n s i e n t  and s t e a d y - s t a t e  r e l a t i v e  
movement between t h e  bear ing jou rna l s  and t h e  bear ing c a r r i e r s .  
Rela t ive  p a r t s  movement f o r  t he  gas generator  i s  i n  the  order  of 
0,001 inch and mus t  be accommodated by the  r e s i l i e n t l y  mounted 
gas bearings e 

Figure 30 presen t s  t h e  t r a n s i e n t  and s t e a d y - s t a t e  p o s i t i o n  
of the mass cen te r  l i n e s  of t h e  jou rna l s  r e l a t i v e  t o  t h e  geo- 
metr ic  center  l i n e s  of  t he  s c r o l l  shrouds. The geometric cen te r  
l i n e  of t he  s h a f t  was i n i t i a l l y  d isp laced  0.002 inch r e l a t i v e  t o  
t h e  geometric cen te r  l i n e  of t h e  shrouds.  Hence, the  gas gener- 
a t o r  mus t  be assembled with the  s h a f t  i n t e n t i o n a l l y  d isp laced  
approximately 0.002 inch, r e l a t i v e  t o  the  shrouds,  i n  t h e  d i r e c -  
t i o n  oppos i te  t o  the  sp r ing  mount. This w i l l  g ive,  as Figure  30 
i nd ica t e s ,  a maximum s h i f t  of cen te r s  of 0.002 and a s t e a d y - s t a t e  
running p o s i t i o n  t h a t  i s  nea r ly  centered i n  t h e  shrouds.  

F igure  31 shows the  t r a n s i e n t  and s t e a d y - s t a t e  loads imposed 
on the compressor and turb ine  j o u r n a l  bear ings .  E f f e c t s  consid-  
ered i n  the  load a n a l y s i s  were c e n t r i f u g a l  growth, unbalance, 
r e l a t i v e  thermal growth, and f i l m  th ickness  v a r i a t i o n  with load 
and ambient temperatures.  An i n i t i a l  preload of 10 pounds and a 
r o t o r  unbalance of 0.0002 c.g. e c c e n t r i c i t y  were assumed, and a 
spr ing  r a t e  of 1,500 pounds per inch w a s  s e l e c t e d  f o r  the  s i n g l e ,  
f l e x i b l y  mounted bear ing.  For t h e  thermally induced changes p re -  
d ic ted  by the  gas genera tor  thermal a n a l y s i s ,  reasonable  bear ing 
loads and load t r a n s i e n t s  e x i s t  wi th  the  gas generator  design.  

Figure 32 presen t s  t r a n s i e n t  and s t e a d y - s t a t e  temperatures 
f o r  s eve ra l  r e p r e s e n t a t i v e  po in t s  loca ted  throughout t he  gas 
generator .  Points  such as t h e  tu rb ine  nozzle,  t he  tu rb ine  wheel 
hub, and the  d i f f u s e r  vane r e a c t  r a t h e r  quickly,  reaching t h e i r  
s t e a d y - s t a t e  temperatures i n  a matter. of a few minutes. Other 
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po in t s  such as those i n  the  support  s t r u c t u r e  and bearing 
c a r r i e r  take  an unpredictably long t i m e  t o  reach s teady s t a t e .  

During the  course of the  thermal ana lys i s ,  s e v e r a l  combina- 
t i o n s  of coolan t  flow r a t e s  and coolant i n i t i a l  temperatures 
were inves t iga t ed  i n  an attempt t o  determine i f  t he re  were any 
optimum combination, Figure 33 presents  four of t he  many schemes 
i n v e s t i g a t e d .  These four ,  shown i n  dashed l i n e s ,  a r e  compared t o  
the f i n a l  design, ind ica ted  by t h e  s o l i d  l i n e ,  a l l  using i d e n t i c a l  
hardware. The accompanying t a b l e  lists a l l  the  p a r t i c u l a r s  of 
each scheme and presents  the  s t eady- s t a t e  values  of r e l a t i v e  
expansion between t h e  bear ing c a r r i e r  and t h e  jou rna l s  f o r  each 
scheme, I n  a l l  i n s t ances  the  r e l a t i v e  expansions a r e  w e l l  w i th in  
the  c a p a b i l i t y  l i m i t s  of t h e  gas generator f i n a l  design.  It 
appears t h a t  t he re  should be no concern about choosing a cool ing 
arrangement f o r  i t s  own sake, because of  t h e  r e l a t i v e  freedom t o  
base the  s e l e c t i o n  on o v e r a l l  system performance and/or complexity. 

Cooling scheme "A" was therefore  se l ec t ed ,  s ince,  with the  
l a b y r i n t h  seals a t  t h e i r  minimum clearance,  the  s e a l s  couid be 
opened up t o  inc rease  the  cooling flow during eva lua t ion  t e s t i n g  
by the  NASA. 

3.7 Shock and Vibra t ion  Analysis 

For the  shock and v i b r a t i o n  ana lys i s  of t he  gas generator ,  
I t he  system analyzed cons is ted  of three bodies def ined as follows: 

Body 1 - Large mass rep resen ta t ive  of t he  
launch veh ic l e  s t r u c t u r e  

Body 2 - Gas-generator housing 

Body 3 - Gas-generator r o t a t i n g  assembly 
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The gas genera tor  i s  i s o l a t e d  from the launch veh ic l e  so t h a t  t h e  
a c c e l e r a t i o n  and displacement imposed a r e  wi th in  acceptable  l i m i t s .  

F igures  34 and 35 a r e  schematics of the  mount l oca t ions  used 
i n  t h e  des ign  ana lys i s ,  and Table 2 shows the  sp r ing  r a t e s  of t h e  
mounts f o r  each body during launch. It should be noted t h a t ,  t o  
have a complete a n a l y s i s  of the system, a d d i t i o n a l  information 
would be required concerning the  ducts t o  be a t tached  t o  the  gas 
genera tor .  
i s o l a t e d  i s  61 cps ,  The gas-generator mounts should be designed 
t o  have a sp r ing  ra te  t h a t  w i l l  provide a n a t u r a l  frequency below 
16 cps ,  
of impressed frequency of r e l a t i v e l y  low input  acce le ra t ion ,  
using t h e  sp r ing  rates l i s t e d  i n  Table 2, the  n a t u r a l  frequency 
of t he  system i s  found t o  be 13.7 cps. This r e s u l t  i s  f o r  an 
impressed a c c e l e r a t i o n  i n  the  Z d i r e c t i o n  shown below. 

During launch t h e  minimum v i b r a t o r y  frequency t o  be 

T h i s  places  the system resonant condi t ion  i n  a reg ion  

By 

I TIME 
I 

With t h e  same impressed acce le ra t ion  i n  both the  X and the  Z 
d i r e c t i o n s ,  the  r e s u l t i n g  loads a r e  as shown i n  Tables 3 and 4. 
Note t h a t  the  loads f o r  Body 2 (97 pounds i n  weight)  and Body 3 
(15.5 pounds i n  weight)  show t h a t  the 3.5-g impressed a c c e l e r a t i o n  
i s  e f f e c t i v e l y  i s o l a t e d .  Figure 36 shows a shear  and bending 
moment diagram f o r  t h e  Z d i r e c t i o n  shock app l i ca t ion .  
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MOUNT 

MOUNT NO. 3 

SCHEMATIC OF GAS GENERATOR 
MOUNT POINTS (BODY 2)  

FIGURE 34 

MOUNT NO. 4 

FRAME 

8'. 87 
MOUNT NO. 6 \\ I A 

MOUNT NO. 2 

SCHEMATIC OF GAS GENERATOR SHAFT 

FIGURE 35 
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TABLE 2 
SUMMARY OF SPRING RATES FOR LAUNCH CONDITION 

I I 

K = LBS/INCH BOi 

1 2 

2 

3 

650.0 

65.0 

650.0 

650.0 110' 

BODY 3 I 

TABLE 3 
SUMMARY OF MAXIMUM FORCES AT MOUNTS 

FOR RECTANGULAR SHOCK PULSE I N  
X DIRECTION DURING LAUNCH CONDITION 

BODY 2 I BODY 3 I 

TABLE 4 
SUMMARY OF MAXIMUM FORCES A T  MOUNTS 

FOR RECTANGULAR SHOCK PULSE I N  
2 DIRECTION DURING LAUNCH CONDITION 
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FIGURE 36 
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With the  mount system t h a t  has been designed, t he  v ib ra t ion  
f requencies  t h a t  can cause the  most damage have been i s o l a t e d .  
The mount system a l s o  e f f e c t i v e l y  reduces the  acce le ra t ion  t r a n s -  
mi t ted  through the  mounts t o  the gas generator  housing and r o t a t i n g  
assembly. 

3 - 8  Instrumentat ion 

During the  jou rna l  and t h r u s t  bearing t e s t i n g ,  t he  i n s t r u -  
mentation incorporated i n  the  bearing t e s t  r i g s  (descr ibed i n  
Sec t ion  3,,4) w a s  found t o  be very usefu l  f o r  s e t t i n g  up the  
bearings and determining the  bearing performance. Bearing and 
s h a f t  s t a b i l i t y  w a s  monitored with capaci tance probes. Bearing 
loads were determined and monitored with s t r a i n  gauges. Thermo- 
couples were u t i l i z e d  t o  determine bearing temperatures as .we11 
as t h e  o ther  instrumentat ion component temperatures f o r  c a l i b r a -  
t i o n  purposes e 

Based on t h e  instrumentat ion u t i l i z e d  during t h e  bear ing 
t e s t i n g ,  the  instrumentat ion required t o  monitor t h e  opera t ion  
of t he  gas generator  w a s  analyzed and t h e  requirements were d e t e r -  
mined as follows: 

( a )  Rotor s h a f t  p o s i t i o n  a t  both the  turb ine  and com- 
pressor  journa ls ,  with proximity probes i n  quadrature  
( fou r  probes r equ i r ed )  

( b )  Thrust  bear ing gas f i l m  thickness ,  wi th  t h e  use of 
proximity probes on the  hydros t a t i c  and hydrodynamic 
t h r u s t  faces  (two probes r equ i r ed ) .  

( c )  Journal  bearing shoe loads, with s t r a i n  gauges used  
on the  two f l e x i b l e  diaphragm mounts ( e i g h t  gauges 
r equ i r ed )  ., 



3.8.1 

( d )  T h r u s t  bear ing loads,  with s t r a i n  gauges used on 
the  bearing mount ( fou r  s t r a i n  gauges r e q u i r e d ) .  

( e )  Thermocouples monitoring temperatures wi th in  the  
machine (54  thermocouples r e q u i r e d ) .  

( f )  Shaf t  speed, wi th  t h r e e  e l e c t r o n i c  speed pickups 
used i n  the  same s h a f t  plane ( t h r e e  r equ i r ed ) .  

( g )  S t a t i c  pressure  t a p s  on t h e  tu rb ine  s c r o l l  assembly 
(two r equ i r ed )  

( h )  S t a t i c  pressure  t aps  wi th in  the  machine (two requi red  
f o r  bear ing l abyr in ths  and one required f o r  t he  c a v i t y ) ,  

Capacitance Probes 

Since commercially a v a i l a b l e  proximity probes were no t  a v a i l -  
ab l e ,  the  required probes were purchased from the  AiResearch 
Instrumentat ion Laboratory 

Tests on the  completed gas-generator capaci tance probes were 
performed and t h e  r e s u l t s  are summarized below: 

( a )  S t r u c t u r a l  i n t e g r i t y  i s  more than adequate f o r  t he  
opera t ing  range of temperatures w i t h i n  the  gas 
generator  

( b )  I n s u l a t i o n  r e s i s t a n c e  is f u l l y  compatible with the  
equipment t o  be used f o r  readout  purposes. 

( c )  Ca l ib ra t ion  of t h e  probes showed good l i n e a r i t y  wi th  
acceptab le  temperature c h a r a c t e r i s t i c s .  Representat ive 
d a t a  i s  shown i n  Figure Jt f o r  a f l a t - p l a t e  c a l i b r a t i o n .  

A complete probe assembly i s  shown i n  F igure  38. 
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CALIBRATION 

0 2 4 6 8 lo 
GAP - INCHES x 103 

TEST RESULTS ON PROXIMITY PROBE C A U B R A T I O N S  

FIGURE 37 



SHAFT CAPACITANCE PROBE 

FIGURE 38 
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The t e s t  t o  determine the  e f f e c t  of a curved su r face  upon 
the c a l i b r a t i o n  of a proximity probe showed t h a t  e x c e l l e n t  co r re -  
l a t i o n  i s  obta inable  between a c t u a l  t e s t  r e s u l t s  and Wayne-Kerr's 
p red ic t ions  f o r  similar probes., Figure 39 shows the  t e s t  r e s u l t s  
obtained under normal ambient t e s t  condi t ions ,  The t o t a l  v a r i a -  
t i o n  between a c t u a l  and predic ted  values i s  wi th in  ?1/2 percent  
of f u l l  s c a l e ,  Wayne-Kerr's co r rec t ion  f a c t o r  can the re fo re  be 
appl ied  t o  the  f l a t - p l a t e  probe c a l i b r a t i o n  f o r  s h a f t  diameters 
of t he  order  of 2,OO inches.  
mounted i n  the  c a l i b r a t i o n  f i x t u r e ,  t he  curved sur face  represen-  
t a t i v e  of a 2.00-inch-diameter sha f t ,  and t h e  u s e  of gauge-blocks 
t o  accu ra t e ly  s e t  t he  probe gaps. 

Figure 40 shows the  t e s t  probe 

3.8-2 S t r a i n  Gauges 

An experimental  i n v e s t i g a t i o n  was performed e a r l y  i n  the  
program t o  e s t a b l i s h  whether o r  not four  SR-4 s t r a i n  gauges, 
mounted i n  quadrature  on the  p l a t e  sur face ,  had s u f f i c i e n t  s e n s i -  
t i v i t y  t o  i n d i c a t e  bear ing load, bearing misalignment, and d i r e c -  
t i o n  of bear ing misalignment. 
were instrumented, t he  diaphragms loaded i n  5-pound increments, 
and the  d e f l e c t i o n  recorded as a func t ion  of load,  The angular 
s t i f f n e s s  of t h e  diaphragm w a s  determined by applying a moment 
a t  the  p l a t e  cen te r  and measuring the angular  d e f l e c t i o n  of t h e  

Two prototype diaphragm mounts 

I p l a t e  cen te r .  

The test r e s u l t s  ind ica ted  t h a t  t h e  s t r a i n  gauge method f o r  mea- 
sur ingbear ing  shoe load and angular misalignment has adequate 
s e n s i t i v i t y  and provides a powerful t o o l  f o r  a s s i s t i n g  i n  the  
a l i g n i n g  of t h e  bearings,  s e t t i n g  bearing preload, and measuring 
bear ing loads during t r a n s i e n t  and s t eady- s t a t e  opera t ion .  
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PROXIMITY PROBE I N  CALIBRATION FIXTURE 

FIGURE 40 
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The u t i l i z a t i o n  of s t r a i n  gauges on the  t h r u s t  bear ing mount 
t o  determine t h r u s t  loading i s  s i m i l a r  t o  journa l  bear ing use .  

The three  s t ra in-gauge c i r c u i t s  comprise the  convent ional  
far-arm bridge network, wi th  two opposi te  arms of the  br idge being 
subjected t o  the  readout  system*s e x c i t a t i o n  s i g n a l  and the  two 
remaining arms reading the output  s i g n a l .  A r ep resen ta t ion  of 
the turbine-end shoe diaphragm c i r c u i t  is shown i n  Figure 41. 

The compressor-end shoe diaphragm c i r c u i t  and t h r u s t  bear ing 
load-sensing c i r c u i t  a r e  t o  be handled i n  a l i k e  manner. Cal ibra-  
t i o n s  of the s t r a i n  gauges were provided w i t h  the  f i n a l  gas 
generator  

3 8 ., 3 Thermocouples 

A t o t a l  of 54 poin ts  were instrumented on the  b a s i s  of t h e  
thermal ana lys i s  undertaken during the  design phase of t he  program. 
However, 23 thermocouples were hooked up t o  the  instrumentat ion 
receptac le  p l a t e  f o r  readout  during the  acceptance t e s t s ,  as 
discussed i n  Sect ion 5.0. The remaining 31 thermocouples were 
included s ince  the incorpora t ion  of a d d i t i o n a l  thermocouples would 
necess i t a t e  the  complete disassembly of the  gas generator  a t  the  
NASA, thus r e s u l t i n g  i n  poss ib le  delays during the subsequent 
t e s t i n g  program. 

3.8.4 Addit ional  Instrumentat ion 

H g u r e  42 shows one of t he  magnetic speed pickups, t h ree  of 
which a r e  incorporated i n t o  the gas generator  
45> and 46 show the  i n s t a l l a t i o n  of the  instrumentat ion p r i o r  t o  
the acceptance t e s t .  The instrumentat ion leads a r e  hooked t o  the  
instrumentat ion receptac le  p l a t e  shown i n  Figure 47. 

Figures 43., . 44 ,  
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RECEPTACLE "E" 

REPRESENTATIVE STRAIN-GAUGE C I R C U I T  

FIGURE 4 1  
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MAGNETIC SPEED PICKUP 

FIGURE 42 
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INSTRUMENTATION INSTALLATION, PARTIAL ASSEMBLY 
NASA GAS GENERATOR 

FIGURE 43 
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INSTRUMENTATION INSTALLATION, FINAL WIRING 
NASA GAS GENERATOR 

FIGURE 44 
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INSTRUMENTATION INSTALLATION, FINAL WIRING 
NASA GAS GENERATOR 

FIGURE 45 
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INSTRUMENTATION INSTALLATION, FINAL WIRING 
NASA GAS GENERATOR 

FIGURE 46 
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I n  addi t ion,  t he  gas generator has been designed t o  accept 
gas bearing shoes with the  following incorporated instrumentation: 

( a )  Capacitance probes located i n  the  bearing housing and 
s i tua t ed  such t h a t  they can monitor the  bearing shoe 
leading edge of t h e  f i r s t  t r a i l i n g  shoe behind t h e  
r e s i l i e n t l y  mounted shoe on each bearing t o  determine 
p i tch  and r o l l  c h a r a c t e r i s t i c s  of the  bearings ( fou r  
probes).  

(b )  Capacitance probes b u i l t  i n t o  the  same shoes described 
above t o  determine the  bearing shoe-to-shaft f i lm 
thickness.  
p i t ch  ax i s  a s  c lose  t o  the  pivot as possible  (two 
probes).  

The probe pos i t ion  w i l l  be on the  pivot  

This instrumentation would be u t i l i z e d  t o  determine gas bearing 
performance 
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4.0 FINAL GAS GENERATOR CONFIGURATION 

4.1 Gas Generator Description 

Figure 48 presents a simplified cross section of the final 
gas generator. 
to consist of eight groups of parts. These are (1) the rotating 
assembly, (2) the cornpressor-journal bearing assembly, (3 )  the 
turbine-journal bearing assembly, (4) the gimbal and thrust bearing 
assembly, (5) the compressor scroll and diffuser assembly, (6) the 
turbine scrol l  and nozzle assembly, (7) the main frame assembly, 
and (8) the mount assembly. 
the above subassemblies is described. A list of the individual 
parts is presented in Table 5. 

For purposes of clarity, the unit may be considered 

In the following paragraphs, each of 

1 

4.1.1 Rotating Assembly 

I The rotating assembly consists of the shaft, the compressor 

1 
~ 

wheel, and the turbine wheel. The compressor wheel and the turbine 
wheel are positioned on the shaft with curvic couplings. A tension 
bolt, drawn up by the self-locking shaft nut and washer, provides the 
axial force required to hold the assembly together as a rigid body. 

I The compressor wheel spinner completes the rotating assembly and is 
1 attached to the end of the tension bolt with a self-locking screw. 

I 4.1.2 Compressor/Turbine Journal Bearing Assembly 

The compressor/turbine journal bearing assembly consists of 
the compressor/turbine journal bearing carrier, two shoe-and-fixed- 

1 mount assemblies, and one shoe-and-flexible-mount assembly. 
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TABLE 5 
NASA GAS GENERATOR PARTS LIST 

DRAWING No. 

69930 1 - 1 
699302 -1 
699302 - 1 
69930 -1 
699307-1 
699307 -2 
6993013-3 
69930 -1 
699309- 1 
699310-1 
699311- 1 
6993 12 - 1 

:;;;:2:: 
6993 15 - 1 
699315-1 
69931 -1 
699320- 1 

699324- 1 

699326-1 

69932 1- 1 

699325- 1 

69932g- 1 
69932 -1 
699329-1 
699330- 1 
699330- 1 

699335 - 1 

6993 9-1 
699340-1 

8%:: 
:;;;;i:: 
6993 2 0-1 

:;;;:2:; 
699342 - 1 

699345-1 
699345 - 1 
699346- 1 
6993 48 - 1 
6993 49 - 1 
699354 - 1 
699354-3 
699355 - 1 
699356-1 

699359 - 1 
699360 - 1 
69936 -1 
69936i - 1 
699365 - 1 

:;;;;E 

699366- 1 
699368 - 1 

:;;E 
6994 11 - 1 
699412-1 
6994 13 - 1 

699434 - 1 

699436-1 
699440-1 

699443 - 1 

699452 - 1 

699424- 1 

699435- 1 

699441 - 1 

699451-1 

TITLE 

GAS GENERATOR ASSEMBLY 
Scro l l  Assembly, Turbine 
Wheel, Turbine 
Impeller, Compreseor 
Seal, S t a t i c  
Seal, S t a t i c  
Seal, S t a t i c  
Sc ro l l  Assembl , Compressor 
D i  ffueer Aeeemgly Compreeeor 
Shaft Aescinbly, Gas Generator 
Bo1 t , Tension 
Frame Assembl Mein 
Carr ie r  Aseemgifl Turbine Bearing 
Carrier Assembly, Compreseor Bearing 
Mount Assembly,Bearing 
Mount Aesembly, Bearing 
Tube Assembly, Thruet Bearing 

Stator,  Hydroetatic Thruet Bearing 
Stator,  Hydrodynamic Thrust Bearing 
Seal Aseembly, Turbine 
Seal Aeeembly, Compreseor 
Shield, Turbine Radiation 
Housing Aeeembly, Outer 
Houein Aseembly, Inatrumentation 
P la te  iasembly, Connector 
Shoe Aesembly, Bearing 
Shoe Assembly, Beering 
Tube Aseembly, Metal Preerure Tap 
Spinner, Impeller 
Washer, Thrust 
Probe, Capacitance 
Probe, Capacitance [E:::; Bearing) 
Pickup Aeeembly, Magnetic 
Bellowe, h c t  
Bellows, Duct 
Bellowe, Outer Houeing 
Flange, Turbine I n l e t  
Flange, Turbine Outlet 
Spacer, Sleeve 
S acer, Sleeve 
S g i m ,  Bearing Haunt 
Shim, Bearing Mount 
Ship, Turbine Scro l l  
Shim, Capacitance Probe 
Shim, Capacitance Probe 
Shim, Magnetic Pickup 
Base, Mounting 
Bracket Assembly, Support 
Adapter, F i t t i ng  
Bracket Assembly, Mounting 
Mount, Flexible Metal 
Bearing, Matched Set 
Bearing, Matched Set 
Nut, Self Locking 
Tube Assembly, Diaphragm Mount 
Cover, Capacitance Probe Boss 
Tube Assembly 

K ousing, Probe’ Sup o r t  
Stem Aesembly, Proge 
Guide, Stem 
Seal, Shaft 
Pivot, Thruet Bearing Mount 
Inse r t  Pivot 
Shim, Pivot 
Ring Assembly, Thrust Bearing Mount 
Spacer Assembly, Thrust Bearing 
Bushing, Pivot 
Mount Assembly, Thrust Bearing 
Gimbal, Matched Set 

robe Assembly, E lec t r i ca l  Ground 

USED ON 

69930 1 - 1 
699301-1 
69930 1 - 1 
699301-1 ** 
** 
699301-1 
69930 1 - 1 
699301 -1 
699301-1 
699301-1 
6993 12 -1 
6993 12 -1 
t;;% 1: 
699301-1 

699301 -1 
69930 1 - 1 
699301-1 
699301 -1 
699301- 1 
699301 -1 
69930 1 - 1 
699301 -1 
69936 -1 
699362 -1 
699301-1 
699301 -1 
699301-1 
699301-1 
699301 -1 
699301 -1 

699327- 1 
:;;;;,2:; 
** 
** 
69930 1 - 1 ** 
699301-1 
699301-1 
699301 -1 
699301-1 
69930 1 - 1 
69930 1 - 1 
699301 -1 
69930 1 - 1 
699301 -1 
699301-1 
699301 -1 
699301 - 1 
699301-1 
699301-1 
699301-1 
699301-1 
699301-1 
699 1-1 
699410- 699%-1 1 

69930 1 - 1 
6994 10 - 1 

:;;:3::: 699452- 1 

699452 - 1 

699452 - 1 
699301 - 1 

:;;E ; 

NO. REQD . 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
4 
2 

1 
1 
1 
1 

12 
16 
2 
4 
1 
4 
2 
3 
1 
1 
3 
2 
2 
4 
2 
1 
1 
4 
1 
1 
1 
1 

1 

1 
2 
4 
2 
4 
1 
1 
2 
1 
1 



NASA GAS GENERATOR PARTS LIST (CONTD. ) 

DRAUIW NO. 

s817 1AP5 

S817lAP30 
S817lAP30 
S817lAPZ 

S8152BG46-0-240 
S8152BC46-0-240 

~ 8 1 7 ~ ~ 1 6  

AN4CH4A 
AN5CH4A 
AN5CWA 
AN929-10S 
AN960C416L 
AN960~5 16 
AN906C516L 

btsgO68-015 

$:o,9,E32 
MS2 1281-25 

M2 1288-07 

~ ~ 2 4 6 7 3  - 1 
~ ~ 2 4 6 7 3  - 1 
MS24673-2 
M24673 -2 
~ 2 4 6 7 3  -3 
MS24673-9 
MS24673-9 
K.24673-11 
~ ~ 2 4 6 7 3  - 12 
MS24673-22 
MS24674-1 
MS24674-2 
MS24674-3 
~ ~ 2 4 6 7 4  -6 
MS24674-7 
M524674-22 
MS24677-1 
MS24677-2 
MS2467 -2 

MS29513-004 

w2 1288-06 

MS24585C51 

EL52467g-15 

**Shipped 

TITLE 

Shim, Sealing Spacer 
Flange, Compreeeor Outlet 
Flange, Co reeeor In le t  
Seal, '018-3ng 

Gasket 
Gasket 
Gasket 
Gasket 
Gaeket 
Zubricant 
Nut 
Screw 

"O"-RiW 
"O"-Ring 
"O"-Ring 
"O"-Ring 
"o"-Ring 

Pin 
Pin 

CObWERCIAL PARTS 

Bolt 
Bolt 
Bolt 
Cap Aeeembly 
Washer 
Washer 
Warher 

"O"-Ri% 
Lockwire 
Nut 
'screw 
Screw 
Screw 
Spring 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
Screw 
"O"-Ring 

with u n i t  

USED ON NO, REQD. 

699301 ** 
** 
69930 1 

699301 
69930 1 
699301 

1 
1 
1 
3 

1 
1 
1 

699301 ** 
** 
69930 1 
699301 

699301 
699301 
69930 1 
699301 

699301 
699301 
69930 1 
699301 
69930 1 

69930 1 

699301 

699 01 
699210-1 

699312- 1 

699451 - 1 
64916 1 

699301 
699301 
699301 
699312- 1 
65910 1 
699301 
699301 
699301 
699452 - 1 

%2%1 

4 
12 

a: 
16 
14 
12 

2 
An 
8 

12 
12 
12 
1 

24 
16 
18 
8 
8 
2 
4 
4 
8 
2 

18 
6 

18 
4 

18 
32' 

~~ 

12 
12 
8 
1 

06 



A shim provides r a d i a l  adjustment capabi l i ty  i n  each fixed-mount 
assembly, The a x i a l  cen ter  l i n e  of the ro t a t ing  assembly is  
posit ioned by ad jus t ing  the two fixed mounts r e l a t i v e  t o  the 
bearing c a r r i e r .  A shim provides f o r  bearing preload adjustment 
through the f l e x i b l y  mounted shoe. Hydrostatic bearing gas i s  
supplied t o  each fixed-mount bearing shoe by supply l i nes  
incorporated i n t o  the fixed mount and t o  the f l e x i b l y  mounted 
bearing shoe by a tube assembly, 

"6w0 orthogonal capacitance probes, f o r  monitoring s h a f t  
positisn, a r e  provided a t  each bearing and adjusted by shims. 

Three speed pickups a r e  provided on the  compressor journal  
bearing c a r r i e r  and adjusted by shims. 

4 . 1 . 3  Gimbal and Thrust Bearing, Assembly 

A gimbal assembly i s  provided t o  give the two t h r u s t  bearing 
s t a t o r s  alignment capab i l i t y .  Hydrostatic bearing gas i s  supplied 
ind iv idua l ly  t o  each t h r u s t  s t a t o r  through tcbe assemblies 

A f i lm-thickness capacitance probe and shim on each s t a t o r  
allow the  bearing f i lm thicknesses t o  be monitored during 
opera t ion ,  

Attachment of the t h r u s t  bearing and gimbal assembly t o  the 
main frame i s  accomplished with the t h r u s t  bearing mount assembly 
i n t o  which a r e  incorporated s t r a i n  gauges f o r  determining the 
t h r u s t  loads 



4.1.4 Compressor S c r o l l  and Diffuser  Assembly 

The d i f f u s e r  i s  at tached by screws t o  the compressor s c r o l l  
and sealed by an elastomer O-ring. 
cooling-flow bleed f i t t i n g  i s  located on the s c r o l l  discharge 
from which the cooling flow i s  ducted t o  the cooling i n l e t  l i n e s  
on the u n i t .  

The compressor discharge 

Axial face clearance between the  wheel and the s c r o l l  is 
determined by s i z ing  a shim located a t  the s c r o l l  mounting f lange.  
The ax ia l  clearance was se t  a t  0.012 inch during the design 
of the gas generator .  From an aerodynamic consideration, a zer0 
clearance would be optimum; however, a clearance of 0.002 inch 
per inch of wheel diameter can be u t i l i z e d  without se r ious  per for -  
mance penal ty .  From a mechanical consideration, i t  i s  advantageous 
t o  maintain l a rge  clearances so  tha t ,  with ro to r  r a d i a l  and a x i a l  
displacements due t o  tolerance stackup, thermal growth, and 
f l e x i b l e  bearing displacements, the  r o t o r  does not rub the  
shroud. 

For the  acceptance tes t  gas generator,  the  a x i a l  shroud 
clearanceifor  the turb ine  and the  compressor) was increased over 
the  design requirements t o  allow f o r  tes t  experience t o  be gained 
on the u n i t  p r i o r  t o  ex t r ac t ing  f i n a l  e f f i c i ency  f igu res .  

4.1,5 r m b i n e  S c r o l l  and Nozzle Assembly 

The turbine s c r o l l  and nozzle assembly is  an i n t e g r a l  one- 
piece assembly fabr ica ted  from a n  investment cas t ing  and seve ra l  
sheet-metal stampings 
turbine wheel and the s c r o l l  assembly is  determined by s i z i n g  
a shim located adjacent  t o  the  s c r o l l  mounting f lange.  

The a x i a l  face  clearance between the 
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The a x i a l  clearance was set a t  0,014 inch during the design. 
Howeverp t h i s  clearance was increased f o r  the acceptance test ,  
a s  discussed above. 

4 .1-6  

The main frame assembly serves two funct ions.  F i r s t  and 
foremost, i t  provides a framework t o  which a l l  major components 
0r subassemblies a r e  a t tached.  This assures  extreme accuracy i n  
a l ign ing  those p a r t s  t h a t  have c r i t i c a l  running clearances,? such 
as t he  turb ine  S C K Q ~ ~ ,  the  compressor s c r o l l ,  the turb ine  labyr in th  
s e a l ,  and the compressor labyr in th  s e a l .  

Secondly, i t  contains a l l  o f  t h e  hydros ta t ic  bearing gas 
supply l i n e s ,  the cooling flow ducts and s t a t i c  pressure tap  
plumbing and provisions f o r  rout ing and leading out  a l l  the  
e l e c t r i c a l  instrumentation l i nes  ., 

4.1,7 Mount Assembly 

An assembly is  provided for  mounting the u n i t  i n  a v e r t i c a l  
pos i t i on  with the turbine end down. The mount assembly cons is t s  
o f  a base, a bracket,  two f l e x i b l e  mounts, and two f l e x i b l e  
mount brackets .  The f l e x i b i l i t y  i n  the brackets and the two 
f l e x i b l e  mounts i s  intended t o  accommodate thermal expansions 
t h a t  OCCUK during elevated-temperature operat ion of the  u n i t .  



4,2 Component Configurations and Fabricat ion 

The compressor and turb ine  aerodynamic components u t i l i z e d  i n  
the f i n a l  gas generator  a r e  described i n  d e t a i l  i n  NASA Reports 
CR-54368 and CR-54367, respec t ive ly .  The journal  gas bearing 
configurat ion i s  described i n  Sect ion 3 . 4 . 4  of t h i s  repor t ,  
and the t h r u s t  bearing configurat ion is  described i n  Sect ion 3.5.1. 
Figure 49 shows a s impl i f ied  c ross -sec t ion  of the gas generator  
w i t h  the  mater ia ls  of more pe r t inen t  p a r t s  noted. 

Fabricat ion of the gas generator  components was i n i t i a t e d  
a s  the design of the components was f i n a l i z e d ,  Figures 50 and 51 
show the  major components a f t e r  f ab r i ca t ion  p r i o r  t o  
acceptance t e s t .  Deta i l s  of some of the major components a r e  
shown i n  Figures 52 through 64, and Figure 65 shows the  
assembled gas generator .  

the 

4.3 Inspect ion 

Inspect ion of the components of the de l ive ry  gas generators 
and f i n a l  assembly were i n  accordance with the  qual i ty-assurance 
program establ ished a t  the s t a r t  of the  program. 
and 67 show the C r i t i c a l  P a r t s  Inspec t ion  and S e r i a l i z a t i o n  
record for the  turb ine  and compressor wheels of both de l ive ry  
u n i t s ,  Figure 68 shows both s i d e s  of the Assembly Inspect ion 
and Laboratory Traveler f o r  the  gas generator,  S e r i a l  No. P-A, 
assembled and operated f o r  an acceptance tes t .  The second gas 
generator, S e r i a l  No, P-B, was shipped a s  "component pa r t s "  a t  
the request  of the NASA; therefore ,  an Assembly Inspect ion and 
Laboratory Traveler is not ava i l ab le  f o r  t h i s  u n i t .  

Figures 66 
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NASA GAS GENERATOR PART 699300 
COMPONENT D I S A  S SEMBLY 

FIGURE 50 



NASA GAS GENERATOR PART 699300 
COMPONENT D I S A  S SEMBLY 

FIGURE 51 
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BEARING CARRIER AND FRAME ASSEMBLY 

FIGURE 52 
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ROTATING COMPONENT GROUP ASSEMBLY 

FIGURE 53 
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SHAFT ASSEMBLY AND TENSION BOLT 

FIGURE 54 



TURBINE SCROLL AND NOZZLE ASSEMBLY 

FIGURE 55 
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COMPRESSOR DIFFUSER ASSEMBLY 

FIGURE 56 



COMPRESSOR IMPELLER 

FIGURE 57 
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COMPRESSOR SCROLL ASSEMBLY 

FIGURE 58 
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SHOE AND DIAPHRAGM ASSEMBLY, MATCHED SET 

FIGURE 59 
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SHOE AND SOLID MOUNT, MATCHED SET 

FIGURE 60 
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HYDROSTATIC THRUST BEARING STATOR 

FIGURE 61 



HYDRODYNAMIC THRUST BEARING STATOR 

FIGURE 62 
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TURBINE AND COMPRESSOR BEARING CARRIERS 

FIGURE 63 



OUTER HOUSING ASSEMBLY 

FIGURE 64 
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NASA BRAYT-ON-CYCLE GAS GENERATOR 

FIGURE 65 



TURBINE WHEEL FOR GAS GENERATOR P-A 

COMPRESSOR WHEEL FOR GAS GENERATOR P-A 

FIGURE 66 
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TURBINE WHEEL FOR GAS GENERATOR P-B 
r 

COMPRESSOR WHEEL FOR GAS GENERATOR P-B 

FIGURE 67 
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I 
As can be seen from Figure 68, the f i r s t  gas generator was 

run for a t o t a l  of 5.58 hours during the acceptance t e s t .  
This test is  discussed i n  Section 5.0, 
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5 , , 0  ACCEPTANCE TEST 

5 1 Fes t I n s t a l l a t i o n  

Operation of the gas generator  f o r  the  acceptance tes t  
consisted of running the u n i t  with p l an t  a i r  supplied t o  the 
and  with the  compressor open t o  a c lean a i r  supply,, Bearing 

turbinc 
and 

cavi ty  pressur iza t ion  was accomplished with f i l t e r ed  argon. Figure t 
schematically shows the  acceptance tes t  gas generator  i n s t a l l a t i o n ,  

With the completion of the t h r u s t  bearingjgimbal assembly 
in t eg ra t ion  tests u t i l i z i n g  the gas generator  frame tes t  r i g  
( see  Section 3,5,2.2), the  tes t  frame r i g  was r e b u i l t  with a se t  
of wheels and s c r o l l s  t o  ( a )  determine the  aerodynamic e f f e c t s  
of t h e  wheels upon the  bearing system when subjected t o  cold- 
acceptance-test  conditions and ( b )  check out  the cold-acceptance I 
t es t  i n s  Calla t i o n  p r i o r  t o  acceptance t e s t i n g  the de l ivery  gas 
generator.  The i n i t i a l  t e s t - c e l l  i n s t a l l a t i o n  is shown i n  
Figures 70 and 71. Other than an  i n i t i a l  rotat ing-group 
balance problem i n  the u n i t ,  the  main problem was one of c e l l  
piping modifications i n  order  t o  e l iminate  extraneous random 
v ib ra t ions  fed i n t o  the  u n i t  by pneumatic ducting forces .  A 
t o t a l  of 15 hours of t e s t  t i m e  was logged i n  the turb ine  tes t  
c e l l  without i nc iden t ,  A t  t he  conclusion of these tests, i t  
was considered t h a t  the  f a c i l i t y  was s u i t a b l e  f o r  the cold 
acceptance tes t  of the  NASA del ivery  gas generator No. 1, Of 
s i g n i f i c a n t  importance was the  f a c t  t h a t  the  behavior of the 
bearing system, a s  es tab l i shed  i n  the  frame t e s t - r i g  configurat ion 
with dummy ro t a t ing  masses, was not i n  any way dis turbed by the 
aerodynamic e f f e c t  of the added wheels and s c r o l l s .  

1 
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ACCEPTANCE TEST MOCK-UP OF GAS GENERATOR 
INSTALLED I N  TEST CELL 

FIGURE 70 
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ACCEPTANCE TEST MOCK-UP OF GAS GENERATOR 
INSTALLED I N  TEST CELL 

FIGURE 71. 



Testing of the gas generator  i n  the  turb ine  t e s t  c e l l  i n d i -  
cated t h a t  the  ne t  aerodynamic t h r u s t  of the two wheels was i n  
the  reverse- thrust  d i r e c t i o n  and t h a t  a t  20,000 rpm the add i t ion  
of temperature t o  the turb ine  i n l e t  a i r  i n  the  range of 450 t o  
500°P allowed speed to be increased t o  100 percent  without subjec t -  
ing the  u n i t  t o  excessive r eve r se - th rus t  loads.  A t  100 percent  
d e s i g n  speed, the r e s u l t a n t  t h r u s t  load was of t he  order  of 20 
pounds i n  the reverse d i r ec t ion ,  which. indicated t h a t  a balance 
of aerodynamic forces  had been achieved Tes  t -p l an  requirements 
for the a c c e p t a ~ c e  tes t  were thus e s t ab l i shed .  

5.2 Assembly of Gas Generator, F i r s t  Shipping Unit 

The f i r s t  shipping u n i t ,  S e r i a l  No. P-A, Outline 699300, 
was assembled, and the assembly da ta  on t h i s  u n i t  was co l lec ted  
and documented i n  AiReseasch Report APS-5174-R and forwarded 
t o  t h e  NASA when the u n i t  was shipped. The data  r e l evan t  t o  
the assembly is a s  follows:: 

Shaft-to-shoe geometric c learances.  

Bearing mount shimming log, including bearing preload 
se t t i ngs ,  a x i a l  cen ter  s h i f t ,  and s e a l  c o n c e n t r i c i t i e s .  

Turbine and compressor a x i a l  shroud clearance da ta .  

Capacitance probe and speed pickup shimming log. 

Capaci tance probe c a l i b r a t i o n s  ( 6 )  

Gas generator thrust-mount load c a l i b r a t i o n .  

Compressor and turb ine  journa l  bearing flexible-mount 
diaphragm ca l ib ra t ions  ( 2 )  ., 

Instrumentation p i n  c a l l - o u t  da ta  ., 

Instrumentation loca t ion  schematic 

116 



i For s a f e t y  considerat ions,  t he  a x i a l  shroud clearances were 
1 increased over the design requirements t o  allow f o r  t es t  experience 

to be gained on the u n i t  p r i o r  to  ex t rac t ing  f i n a l  e f f i c i ency  
f i g u r e s .  The data  presented w i l l  allow the NASA t o  remove mater ia l  
from the  shims i n  successive s tages  i n  achieving the  end objec t ive  
during closed-loop t e s t i n g .  

I 

5.3 3 

The shipping u n i t ,  a f t e r  bas i c  buildup, was equipped with 
the  dummy masses and t i e - b o l t  from the frame tes t  r i g ,  
r o t a t i n g  group was then subjected t o  gas bearing evaluat ion tests 
i n  order  t o  determine u n i t  performance and t0 check out  the  i n s t r u -  
mentation, p a r t i c u l a r l y  the  proximity probes asd c e r t a i n  s p e c i f i c  
thermocouples. Checkout included operation of the bearing journals  
and t h r u s t  faces  hydros ta t ica l ly ,  with the  reverse t h r u s t  bearing 
being ca l ib ra t ed  f o r  f i l m  thickness versus  load, The normal 
t h r u s t  bearing was a l s o  ca l ib ra t ed  i n  the  same manner when i n  the  
hydros t a t i c  regime e 

when the normal. t h r u s t  bearing was Fun hydrodynamically, 
c a l i b r a t i o n s  have been reported i n  AiResearch Report APS-5174-Rn 
The journa l  bearings were a l s o  operated i n  the hydros ta t ic  regime. 
Addit ional  t h r u s t - t r a n s f e r  checks were performed i n  both d i r ec t ions  
with hydros ta t ic  operat ion,  between normal and r eve r se - th rus t  
faces  a t  35,000, 3O,OOO, 25,000, and 20,000 rpm, Overspeed was 
a l s o  checked i n  the hydros ta t ic  mode t o  42,000 rpm, A l l  of the 
tests conducted i n  the bearing test cell.  were performed without 
any problems occurring, The u n i t  proved t o  have even b e t t e r  
performance than had been demonstrated previously on the  company- 
sponsored tes t  r i g ,  p a r t i c u l a r l y  with respec t  t o  s h a f t  balance 
and t h r u s t  s t a t o r  face  operating clearances.  

The 

A s ingle-poin t  c a l i b r a t i o n  was a l s o  es tab l i shed  
These 
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5.4 Acceptance Test of F i r s t  Shipping Unit 

The t e s t - p l a n  procedure had been adequately es tab l i shed  by 
the  p r i o r  t e s t  series undertaken with the  modified frame test  
rigc The i n s t a l l a t i o n  configurat ion in the  t es t  c e l l  was s i m i l a r  
t o  Figures 70 and 71 
se tup  of the Wayne-Kerr proximity meters i n  r e l a t i o n  t o  the t e s t  
u n i t  and the v i s u a l  recording da ta  outputs ,  respec t ive ly .  

Figures 72 and 73 show the t e s t  instrumentation 

After i n s t a l l a t i o n ,  the u n i t  was subjected t o  a tes% run t o  

The balance was 
f u l l  speeds hydros t a t i ca l ly ,  t o  determine t h a t  the  r o t a t i o n a l  
balance of the  s h a f t  components was acceptable  
proven to be s a t i s f a c t o r y .  

The f i n a l  instrumentation hook-up f o r  recording purposes 
was arranged a s  follows: 

Tape Recorder: Seven channels, t o  record the f o u r  
or thogsna 1 and two t h m s  t probes ., w i  t t i  
speed and voice  combined on one channel, 

Oscillograph Recorder: 20 channelsp t o  record 16 thermo- 
couples, 3 s t r a i n  gauges, and speed, 

Visual Readout: The remaining thermocouples chosen f o r  
s a f e t y  reasons.  Shaft  and t h r u s t  
sur face  proximity probess speed, 
temperature, and s t ra in-gauge output 
on the  t h r u s t  mount through an X-Y 
F 1.~7 t ter . 
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WAYNE-KERR PROXIMITY METERS 
NASA GAS GENERATOR ACCEPTANCE TEST 

FIGURE 72 



GAS BEARING CONTROL PANEL AND INSTRUMENTATION 
NASA GAS GENERATOR ACCEPTANCE TEST 

FIGURE 73 
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c 

The acceptance test was run in accordance with the test plan 
and successfully demonstrated the requirements of the contract. 
This test was witnessed by the NASA representatives, and the unit 
was accepted. 

Although performance demonstration was not required, measure- 
ments were required to establish steady-state operation and control 
during tests. Figure 74 shows the test-cell log sheet for the 
acceptance test on the Serial No, P-A gas generator, and Figures 
75 and 76 show the data log sheets for the acceptance test, 
Figure 77 shows the tape and oscillograph log sheets. 
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APPENDIX I 

Glossary 1 

The following i s  a l i s t  of terms used throughout the report: i 
4 

g 

m = molal gas flow ra te ,  lbs  mol pe r  sec.  

= conversion factor  = 32.2 f t  l b  per lb  sec2. 
0 

= compressor pressure r a t i o  

= gas-generator turbine pressure r a t i o  
rC 

t l  

t 2  

r 

1: = power-turbine pressure r a t i o  

C = difference between bearing shoe radius and journal 
radius inches 

= compressor-wheel diameter, inches 

= gas -genera tor  turbine-wheel diameter, inches 

= recuperator effectiveness 

DC 

Dt 1 

ER 
L = bearing ax ia l  length, inches 

M = molecular weight, lbs  per lb  mol 

N1 = gas-generator sha f t  speed, rpm 

N 2  = power-turbine sha f t  speed, rprn 

= compressor shaf t  speed 

= gas-generator turbine spec i f ic  speed 

= power-turbine spec i f i c  speed 

NS C 

tl 

t2 

NS 

NS 

P1 = compressor i n l e t  pressure, lbs per sq  f t  

PS = gas-generator turbine i n l e t  pressure, lbs per  sq f t  

R = bearing journal radius, inches 

R1 = universal  gas constant = 1545 f t - l b s  per  lb-mol O R  
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I 

I 

TI = compressor inlet temperature, OR 

T3 

W = mass flow rate, lbs per sec 

= gas-generator turbine-inlet temperature, OR 

r x r  turbine pressure ratio - tl t2 - 
rC 

B =  compressor pressure ratio 

6 = inlet pressure, psia/14.7 psia 

y 

01 = y - l / y  

= ratio of gas specific heats = 1.667 for monatomic gases 

8 = inlet temperature, 'R/518.T0R 

= compressor adiabatic efficiency TC 
- power-turbine shaft power output - 

qCY gas-cycle input rate 

= gas-generator turbine adiabatic efficiency 

= power-turbine adiabatic efficiency 
%l 

qt2 

1 
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